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ABSTRACT 


The  objective  of  this  program  was  to  perform  research  on  the 
Opposed  Gate-Source  Transistor  (OGST)  for  the  millimeter  wave  regime. 
This  is  the  final  technical  report  from  this  program.  Progress  described 
in  this  report  concerns  the  development  of  self  aligned  lithography 
processes  for  fabricating  a  source  contact  opposite  the  gate  electrode 
on  a  200  nm  GaAs  membrane,  the  processing  of  an  ohmic  source  contact, 
the  fabrication  of  a  Schottky  gate  contact  compatible  with  the  high  tem¬ 
perature  processing  of  the  source  contact,  and  the  electrical  character¬ 
ization  of  the  transistors.  The  analysis  of  the  discrete  device  and 
distributed  interaction  operation  was  also  carried  out. 

The  goal  of  fabricating  a  working  transistor  was  accomplished,  but 
mounting  in  a  microwave  fixture  degraded  the  performance  so  that  posi¬ 
tive  gain  at  microwave  frequencies  could  not  be  demonstrated.  Probe 

measurements,  however,  showed  oscillations  it  the  gate  and  drain  cir¬ 
cuits  were  not  properly  terminated.  Three  types  of  lithography  have 
been  investigated,  E-Beam,  UV  and  X-rav.  E-Beam  and  UV  lithographies 
have  been  developed  and  used  to  make  complete  dual  surface  transistor 

structures  on  200  nm  membranes  of  GaAs  with  the  requisite  quarter  micron 

electrode  geometries.  X-rays  have  been  used  to  make  a  positive  image  of 
a  0.3  pm  gate  electrode  on  a  3  pm  silicon  membrane.  Low  frequency 
measurment”  have  been  obtained  for  these  200  nm  membrane  OGST's.  For  the 
demonstrated  quartet  micron  source  length  made  with  30  kV  e-Beam  lithog¬ 
raphy  and  with  UV  lithography  the  correspondtne  gate  length  t  an 

equivalent  conventional  FET  would  be  less  than  0.25  pm. 


mu  mum*  mu  «r_  mu  *r-  «ru  muiru mu  mv  mu  mu  mv  ifjvu  w  w  ,  •  ^  mu  m  w  vuv  wv  m  v.  mu  /. wum,  vu  w\  vu  wu  mvirs*  \t\.  irajrjjfvicu  vu  :<cjjt±  m~*  w 


Extensive  computer  modelling  of  the  OGST  structure  has  been  carried 
out  to  evaluate  the  drain  saturation  and  pinch-off,  to  show  that  the 
effects  of  asymmetry  in  the  gate  source  fabrication  are  a  mild  degreda- 
tion,  to  evaluate  the  inter electrode  capacitances,  to  evaluate  the  step 
recovery  time  of  the  transistor,  and  to  study  the  distributed  interac¬ 
tion.  All  of  these  calculations  support  the  view  that  the  transistor 
should  work  well,  as  predicted,  at  100  GHz.  In  addition,  process  simu¬ 
lations  for  dual  surface  lithographies  have  been  carried  out. 

Finally,  computerized  vector  and  scalar  network  analyzers  have  been 
designed,  constructed,  and  tested  at  Ka-Band  and  at  W-Band.  A  W-Band 
waveguide  to  microstrip  adapter  supplied  by  TRW  has  been  tested  at  W- 
Band  and  this  design  has  been  scaled  to  Ka-Band  and  tested. 
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1.  IITKODUCTIOI  AID  PEOG1AM  OBJECTIVES 


The  OGST  design  facilitates  the  reduction  of  parasitic  inductances 
and  capacitances  between  the  intrinsic  transistor  and  the  external  cir¬ 
cuit  that  limit  the  frequency  performance  of  the  GaAs  FET.  In  a  conven¬ 
tional  transistor  design,  using  a  lumped  element  approach,  and  assuming 
a  total  gate  width  of  100  /im  for  moderate  power  capability,  the  discon¬ 
tinue  '  s  between  the  input  transmission  line  and  the  transistor  will 
usually  increase  the  input  capacitance.  In  the  conventional  design  of 
MESFET  this  parasitic  capacitance  can  be  an  order  of  magnitude  greater 
than  the  intrinsic  gate-source  capacitance.  This  increased  input  capa¬ 
citance  along  with  the  source  and  gate  inductances  will  generally 
resonate  at  a  frequency  much  below  100  GHz.  Another  difficulty  posed  by 
the  large  gate  width  chosen  for  high  power  is  the  attenuation  of  the 
input  signal  along  the  gate  ]ine.  A  straightforward  way  of  reducing 
this  attenuation,  and  consequent ly  reducing  the  source  and  gate  line 
inductances  as  well  as  the  gate  resistance,  is  to  parallel  many  gate  and 
source  fingers  of  a  relatively  short  width.  This  solution,  however, 
increases  the  difficulty  of  matching  the  gate  and  source  to  the  input 
transmission  line  and  leads  to  a  larger  increase  of  the  gate-source 
capacitance.  Parallelling  many  gate  and  drain  fingers  also  leads  to  an 
undesirable  decrease  in  the  drain  output  impedance.  The  OGST  design 
minimizes  the  electrode  losses  along  the  width  of  the  device  relative  to 
all  other  designs.  The  principal  limitation  of  most  transistors  is  a 
large  input  capacitance  several  times  that  of  the  activ  gate  electrode 
and  a  large  source  inductance  for  mm-wave  operation  even  with  via-hole 


construction.  Thus  the  attainment  of  high  power  operation  is  severely 
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penetration  for  the  source  contact.  A  promising  candidate  for  such  a 
contact  is  one  made  of  molybdenum  germanide  [1].  Only  fragmentary 
descriptions  of  this  contact  exist  in  the  literature  and  those  descrip¬ 
tions  were  not  consistent  with  our  observations.  As  a  consequence, 
extensive  effort,  in  collaboration  with  Prof.  G.  Morrison  of  the  Cornell 
Chemistry  Department,  has  been  made  to  characterize  its  properties  for 
use  in  the  OGST.  In  spite  of  the  work  invested  in  the  Mo-Ge  contact, 
the  transistors  were  fabricated  with  a  Au-Ge  alloyed  source  contact  [2] 
because  the  lower  processing  temperature  of  the  Au-Ge  substantially 
reduced  the  number  of  processing  steps.  Following  the  ohmic  contact 
work,  there  are  several  subsections  on  device  design,  simulation  and 
analysis  of  the  OGST;  this  part  also  includes  processing  simulations. 
The  final  section  of  the  report  describes  the  computerized  mm-wave  net¬ 
work  analyzers  in  Kci-Band  and  W-Band  that  were  designed  and  constructed 
for  characterization  of  the  OGST.  This  section  also  describes  the  char¬ 
acterization  of  the  W-Band  waveguide-microstrip  transition  donated  by 
TRW  and  the  scaling  and  characterization  of  a  Ka-Band  version  of  this 
waveguide-microstrip  transition.  Finally,  there  is  a  description  of  the 
mounting  and  microwave  testing  of  completed  OGST's. 


but  obtaining  a  source  image  roughly  half  that  of  the  gate  length 
requires  the  use  of  some  spacer  technology  which  remains  to  be  evaluated 
since  X-ray  lithography  was  only  carried  far  enough  to  demonstrate  a 
positive  source  image  of  the  requisite  dimension.  Using  electrons  of 
the  proper  acceleration  potential  one  can  control  the  lateral  spreading 
to  achieve  the  desired  source  length  in  the  self-aligned  exposure  as  is 
illustrated  in  Fig.  1.  We  have  also  demonstrated  that  exposure  control 
of  UV  and  diffraction  can  be  used  to  control  the  source  image  length  to 
the  required  dimensions.  For  a  strong  X-ray  source  one  must  use  a  syn¬ 
chrotron  source,  while  strong  electron  sources  and  UV  sources  are 
readily  available.  Process  modelling  for  a  total  membrane  and  resist 
thickness  of  1  pm  had  seemed  to  indicate  that  electrons  of  100  kV  would 
be  necessary  to  fabricate  a  0.25  pm  source,  but  our  investigations  show 
that  by  utilizing  exposure-contrast  control  a  0.25pm  source  contact  can 
be  imaged  using  only  the  3  0  kV  electrons  available  in  the  Cambridge 
EBMF-2  microscope. 

The  common  starting  material  for  E-Beam,  UV  and  X-ray  processing 
was  MBE  grown  wafers  purchased  from  TRW  (Dr.  John  Berenz).  There  are 
two  epitaxial  layers  grown  on  a  semi- insulating  GaAs  substrate.  The 
first  is  an  undoped  layer  of  1000  A  of  A1  ^Ga  ^As,  which  is  used  as  an 

etch  stop  layer,  and  the  second  is  the  active  GaAs  layer,  which  is  2000 

17  3 

A  thick  with  a  donor  density  of  2  x  10  /cm  .  The  two  inch  diameter 

wafers  received  from  TRW  are  cleaved  into  8.8  x  8.8  mm  chips.  This  size 
accomodates  a  7  x  7  array  of  transistors  and  test  sturctures  located 
within  a  7  x  7  array  of  80  x  100  pm  membrane  windows  to  be  etched  in  the 


substrate . 
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Figure  1  Schematic  drawing  of  the  self-aliened  source  exposure  using  [' 

electrons  showing  how  the  lateral  scattering  of  the  electrons  'I 

narrows  the  source  image  relative  to  the  gate  electrode. 
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2. 1.1.1  Fabrication  of  Membrane  Array  (K.  Rauschenbach  and  C.  A.  Lee) 

On  the  active  layer  of  the  cleaved  sample.  E-Beam  lithography  is 
used  to  define  an  array  of  implanted  drain  contacts  and  gate  structures 
(the  specific  procedures  for  X-ray.  E-Beam  and  UV  dual  surface  exposures 
will  be  given  in  later  sections).  The  sample  with  topside  active  layer 
contacts  is  then  thinned  to  a  thickness  of  7  5pm  and  mounted  on  a  sap¬ 
phire  plate.  A  polyimide  etch  mask  is  fabricated  and  registered  with 
the  gate  electrodes  on  the  semi-insulating  side  by  the  procedure  given 
in  Table  I.  To  withstand  the  selective  etch  used  to  remove  the  sub¬ 
strate  from  the  area  of  the  membrane  the  polyimide  etch  mask  must  be 
hard  baked.  After  such  baking,  however,  it  is  very  difficult  to  remove. 
With  the  etch  mask  in  place.  8Din  coating  resist  onto  the  membrane  for 
the  source  lithography  presents  some  difficulties  in  obtaining  a  uniform 
coating  of  the  membiane.  These  difficulties  prompted  us  to  develop 
another  masking  procedure. 

A  much  superior  etch  mask  was  developed  that  comprised  some  400  X 
of  nickel  which  was  patterned  by  conventional  lithography  to  open  ud  80 
x  100  pm  areas  in  the  nickel.  Not  only  did  the  presence  of  the  nickel 
improve  the  smoothness  of  the  selective  etch  used  to  remove  the  sub¬ 
strate,  but  the  coating  was  thin  enough  to  wash  away  from  the  undercut 
area  around  the  membrane.  In  addition,  the  thickness  of  the  required 
nickel  coating  still  permitted  the  etch  mask  to  be  registered  with  the 
gate  electrode  array  with  an  infrared  aligner.  With  the  nickel  etch 
mask  and  75  pm  substrates  very  uniform  resist  coatings  could  be  spun 
onto  the  membranes  for  the  source  lithography. 
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Tabic  I:  Processing  Schedule  Etching  for  Thin  GaAs  Membranes 


(K.  Rauschenbach,  and  C.  A.  Lee) 

I.  Scribe  wafer  into  desired  geometry  (e.g.  9  mn  by  9  mm  squares), 

II.  Lap  samples  to  uniform  thickness,  10  mils, 

III.  Polish  samples  to  approximately  3  mils  depending  on  the 

dimensions  of  the  window. 

1)  A  standard  solution  of  Clorox  is  adequate  for  polishing. 

2)  Polish  with  a  force  of  about  100  gm/ cm  . 

IV.  Mounting  of  Samples  for  Etching. 

1)  On  an  optically  polished  sapphire  disk,  spin  on  Ciba-Geigy 

polyimide . 

2)  Place  the  GaAs  sample  onto  the  partially  dried  polyimide 

f  ilm. 

3)  Cure  the  polyimide  cementing  the  sample  to  the  sapphire 

disk  under  the  following  conditions: 

a)  Bake  at  80  °C  for  30  min. 

b)  B^tke  at  130  °C  for  15  min. 

c)  Bake  at  225  °C  for  15  min. 

4)  Immediately  after  the  sample  has  returned  to  ambient 

temperature  begin  fabricating  the  etch  mask  as  described 
in  step  V. 

V.  Fabrication  of  the  Polyimide  Etch  Mask. 

1)  Preparation  of  Pyralin  adhesion  promoter. 

a)  Mix  a  solution  of  0.05%  DuPont  Pyralin  VM651 

organo-silane  diluted  with  90%  methanol  and  10% 
de-ionized  water.  Allow  24  hours  for  reduction. 

2)  Apply  adhesion  promoter  and  spin  at  5000  RPM  for  60 

seconds . 

3)  Spin  on  DuPont  Pyralin  PI-2555  at  5000  RPM  for  at  least 

60  sec. 

4)  Partial  imidization  of  the  PI-2555  is  accomplished  as 

follows : 

a)  Stabilize  the  oven  temperature  1  hr  at  137  °C. 

b)  Bake  sample  at  exactly  137  °C  for  exactly  30  min. 

c)  Let  sample  return  to  room  temDerature  before 

proceeding  to  the  next  step  of  vapor  phase 
pr  iming . 

5)  Vanor  phase  priming  for  the  mask: 

6)  Spin  on  Shippley  S-1400-31  at  5000  RPM  for  60  sec.  This 

yields  a  film  thickness  of  approximately  2  pm. 

7)  Soft  bake  the  photoresist  at  90  °C  for  30  min  after  oven 

temperature  recovery. 

8)  Expose  the  etch  mask  pattern  in  an  infrared  aligner  to 

register  the  80  xlOO  pm  openings  with  the  array  of  gate 
contacts  on  the  other  side  of  the  wafer.  Adjust  the 
exposure  energy  for  a  development  and  etch  time  of  60 
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sec  • 

9)  Spin-spray  develop  the  sample.  Calibrate  air  pressure  in 
the  spvay  nozzle  and  the  RPM  of  the  spinner  for  uniform 
development  and  etching. 

10)  Cure  the  etch  mask  according  to  the  following  schedule: 

a)  Bake  at  300  °C  for  30  min. 

b)  Bake  at  400  °C  for  30  min. 

c)  Bake  at  450  °C  for  10  min. 

This  schedule  will  fully  cure  the  polyimide  etch  mask. 

Jet  Etching  of  Thin  Membranes. 

1)  Use  a  selective  etch  solution  composed  of  30%  hydrogen 
peroxide  and  ammonium  hydroxide  to  etch  the  GaAs 
substrate  down  to  the  Al^Ga^^As  stop  layer.  Experiments 

were  performed  on  the  GaAs-AlGaAs  interface  to  determine 
an  etch  concentration  which  maximizes  selectivity  while 
otill  producing  a  polished  and  uniform  surface.  The 
optimum  mixture  was  found  to  be  a  25:1  solution  of  30% 
hydrogen  peroxide  and  ammonium  hydroxide  adjusted  to  a  pH 
of  8.4.  This  etch  has  been  successfully  used  with  stop 
layers  with  the  aluminum  concentration,  x,  in  the 
range  of  0.3  to  0.5. 
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2.1.2  Device  Processing  Schedule  Using  X-ray  Lithography 


( J.P.Krusius*  J.  Nulman*  and  A.  Perera) 

In  the  exploratory  process  simulations  described  in  Sec.  2.2.1  it 
was  found  that  x-rays  allow  the  thickest  membranes  and  provide  the  smal¬ 
lest  feature  sizes  in  selt-aligned  dual  surface  lithography.  Contrary  to 
conventional  x-ray  lithography*  which  is  mainly  limited  by  geometrical 
image  distortion  (penumbral  blur,  lateral  magnification  error)*  and 
layer  to  layer  registration*  self-aligned  dual  surface  lithography  is 
primarily  constrained  by  the  range  of  x-ray  generated  photoelectrons. 
This  is  of  the  order  of  20  nm.  200  nm  wide  backside  lines  in  PMMA  have 
been  demonstrated  in  this  work  with  membranes  as  thick  as  3  pm.  With  x- 
rays  it  is  thus  be  possible  to  to  align  the  gate  and  source  lines 
ideally  with  no  offset  and  an  undercut  of  only  20  nm  per  edge.  It  is 
anticipated  that  self-aligned  dual  surface  x-ray  lithography  will  have 
future  applications  in  microfabrication  well  beyond  the  OGST. 

2. 1.2.1  Demonstration  of  Self-Aligned  Dual  Surface  Lithography 

Self-aligned  dual  surface  X-ray  lithography  has  been  demonstrated 
in  this  work  for  the  first  time.  Since  no  past  experience  was  available 
it  was  decided  to  perform  this  demonstration  with  relatively  thick  sili¬ 
con  membranes  prepared  by  wet  chemical  etching  using  a  heavily  boron 
doped  surface  layer  as  the  etch  stop.  Membranes  in  Si  are  easier  to  make 
than  in  GaAs*  and  they  are  mechanically  much  easier  to  handle  in  further 
processing*  and  can  be  made  much  thicker  than  GaAs  membranes.  Here  about 
3  pm  thick  large  area  membranes  were  used. 


I  brief  overview  of  the  demonstration  process  is  given  in  Table 
II.  A  detailed  process  schedule  can  be  found  in  Appendix  I.  Arrays  of 
3  /im  thick  6  mm  x  6  ram  wide  membranes  were  fabricated  on  silicon  wafers 
using  boron  predeposition  and  selective  chemical  etching;  with  pyro- 
cathecol.  Si^N^  was  used  as  the  diffusion  and  etch  mask.  The  top  surface 
X-ray  absorber  mask  is  made  using  Au  electroplating  into  resijt  windows* 
Pattern  definition  was  accomplished  with  direct  electron  beam  writing  on 
the  high  resolution  tri-layer  resist  PMMA/SiO^/Poly imide  [3].  The 
resulting  resist  image  written  with  the  Cambridge  EBFM2-150  pattern  gen¬ 
erator  is  shown  in  Fig-  2,  the  electroplated  line  prior  to  resist  remo¬ 
val  in  Fig •  3,  and  the  final  electroplated  top  side  600  nm  thick  Au 

absorber  mask  line  in  Fig.  4.  The  X-ray  exposure  was  performed  with  CuL 
X-rays  produced  by  bombarding  a  copper  plate  in  vacuum  with  electrons 
with  an  energy  let;s  than  6  keV  with  the  exploratory  X-ray  system  at  the 
National  Submicron  Facility.  Fig.  5  shows  an  overview  of  such  back 
side  PMMA  lines  on  the  Si  membrane.  The  lines  and  spaces  *<re  3  00  nm  and 
500  nm  wide  respectively.  Fig.  6  shows  the  cross  section  of  a  back  side 
resist  line  profile  on  the  Si  membrane  after  cleaving.  A  sharper  image 
is  difficult  to  obtain  because  of  the  thin  resist  and  its  charging  dur¬ 
ing  SEM  inspection.  The  line  width  is  about  200  nm  and  the  aspect  ratio 
about  2:1.  Walls  are  vertical.  This  linewidth  corresponds  to  the  minimum 
linewidth  of  the  top  surface  Au  absorber.  The  self-aligned  undercut 
induced  by  the  X-ravs  appears  verv  small,  although  no  systematic  meas¬ 
urements  of  it  have  yet  been  made.  More  details  are  given  in  Rpf.  [4]. 

The  above  demonstration  thus  clearly  shows  that  the  developed 
self-aligned  dual  surface  x-ray  lithography  exceeds  both  minimum 
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Figure  5  Micrograph  of  developed  back  aide  PMMA  la 
brane.  PMMA  lines  have  a  li^ht  appearance 
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Figure  6  Micrograph  of  cleaved  back  side  PMMA  line  on  top  of  the  Si 
membrane.  The  width  of  the  line  is  about  200  nm  and  the  aspect 
ratio  1:1. 


I 


•V 

$ 

S-' 


v 

« 


31 


A 

?, 
v 
v 
V  V 


linewidth  and  alignment  requirements  defined  by  the  millimeter  wave 
OGST . 

2. 1.2. 2  Integration  of  Self-Aliened  Dual  Surface  X-Ray  Lithography  into 
Fabrication  Process 

In  the  following  discussion  we  will  show  how  the  above  novel  self- 
aliened  dual  surface  x-ray  lithoeraphy  can  be  applied  to  make  millimeter 
wave  OGST  devices  with  an  ideal  symmetric  structure.  Two  approaches  to 
process  inteeration  have  been  considered*  which  differ  in  the  realiza¬ 
tion  of  the  thin  substrate  reeions  needed  for  the  self-aliened  dual  sur¬ 
face  lithography.  The  first  one  is  based  on  selective  thin  membrane 
areas  etched  into  a  thicker  substrate.  Complete  substrate  removal  with 
membrane  islands  supported  by  a  suitable  support  structure  constitutes 
the  second  approach.  In  both  cases  the  same  fabrication  steps  are  used 
for  the  top  surface  gate  and  drain  electrodes. 

The  starting  material  consist  of  2000  A  GaAs  and  1000  A  AlGaAs 
films  grown  by  MBE  on  semi- insu lat ing  (S.I.)  GaAs  substrates.  First  the 
gate  areas  are  defined  as  follows.  2000  A  of  TiW  gate  metal  is  first 
sputter  deposited  followed  by  an  evaporation  of  50  A  of  Cr  and  200  A  of 
Au.  The  latter  two  materials  are  needed  as  a  plating  base  for  subsequent 
Au  electroplating.  Next  a  tri-layer  high  resolution  electron  beam  resist 
structure  [4]  composed  of  1.0  Jim  polyimide,  400  A  of  plasma  enhanced  CVD 
SiO^*  and  1500  A  of  PMMA  is  applied  on  top  of  the  existing  composite 
Au/Cr/TiW  film.  Then  the  gate  level  image  is  written  into  the  top  PMMA 
layer  with  electron  beam  direct  writing.  After  developing  the  exposed 
patterns  and  succesive  image  transfer  through  the  SiO  and  polyimide 


using;  reactive  ion  etching  (RIE)  in  CHF3  and  0 2  ambients  respectively 
(Fig,  2),  Au  is  electroplated  to  a  thickness  of  8000  A  (Fig.  3).  The 
BDT-510  electrolyte  [5]  was  chosen  as  the  Au  source*  since  it  does  not 
erode  the  plating  mask  and  produces  stress  free  films  at  a  deposition 
rate  of  2000  A/min  at  a  30  C  bath  temperature.  After  stripping  the 
organic  resist  in  0^  plasma,  and  Ar  ion  milling  is  used  to  remove  the 
excess  plating  base.  The  TiW  layer  was  finally  etched  with  CF^  RIE.  The 
ohmic  drains  contacts  are  then  defined  by  conventional  optical  lithog¬ 
raphy  and  conventional  Au:Ge  contact  metallurgy.  An  alternative  is  to 
define  the  drain  areas  after  the  source.  This  completes  the  fabrication 
of  the  top  surface  structures. 

In  the  first  approach  for  the  self-aligned  dual  surface  x-ray 
lithography  (devices  on  thin  membrane  areas*  see  Fig.  7)  an  infrared 
aligner  is  used  to  define  the  membrane  area  from  the  back  of  the  wafer. 
This  alignment  is  non-cr it ical .  A  selective  etch  of  the  S.I.  GaAs  sub¬ 
strate  with  the  AlGaAs  acting  as  a  stop  layer  follows.  A  mixture  of 
hydrogen  peroxide  and  ammonium  hydroxide  is  used  as  an  etch.  A  thin 
layer  of  Si^N^  is  then  deposited  onto  the  back  surface.  Subsequently 
the  high  resolution  resist  PMMA  resist  is  spun  on  the  back  surface.  With 
a  substrate  thinned  down  to  1-2  mils  a  reasonably  uniform  resist  coating 
should  result.  In  the  second  basic  appraoch  (substrate  removed  device, 
see  Fig.  8),  the  wafer  is  mounted  on  a  metal  ring  with  a  glass  support 
using  polyimide.  The  S.I.  GaAs  is  then  selectively  removed  with  a  wet 
etch.  A  CVD  Si^N^  film  used  for  passivation  is  then  deposited  and  PMMA 
resist  spun  on  the  back  side.  In  this  approach  PMMA  has  to  cover  a  much 
•shallower  structure  than  in  the  first  case  (2000-5000  A),  and  thus  a 
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Figure  7  Process  sequence  for  membrane  type  OGST  devices. 
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source  level  is  accomplished  with  self-aliened  dual  surface  x-ray 
lithography.  The  remaining  layers  defined  with  optical  projection 
lithography  are  as  follows:  membrane  definition*  device  isolation,  and 
global  metal  for  pads.  Membranes  of  100  pm  x  80  pm  size  were  placed  on 
a  1  mm  square  grid  in  each  subfield.  70  different  test  structures  and 
OGST’s  were  placed  on  the  36  membranes.  The  OGST  array  with  36  different 
devices  had  gate  lengths  from  0.3  to  1.0  pm  and  gate  width  of  40  and  70 
pm.  The  24  designed  test  structures  were  loosely  coupled  OGST  type  gate 
and  drain  micros^rip  lines  with  similar  widths  and  lengths  and  are 
intended  for  characterization  and  parameter  extraction  on  the  network 
analyzer.  Typical  layouts  of  OGST  devices  and  microstrip  lines  are  shown 
in  Fig.  9  and  10. 

2. 1.2. 4  Process  Schedule  for  Membrane  Devices  Based  on  Self-Aligned  Dual 
Surface  X-Ray  Lithography 

The  fabrication  process  based  on  etched  membranes  (Sec.  2. 1.2. 2) 
and  self-aligned  dual  surface  lithography  (2. 1.2.1)  has  been  explored 
further.  All  patterning  was  performed  according  to  the  layout  described 
in  Sec.  2. 1.2. 3.  A  process  run  was  started  late  1985.  The  detailed  pro¬ 
cess  schedule  is  given  in  Appendix  II.  The  run  was  delayed  for  several 
months  because  of  the  unavailability  of  the  electron  beam  pattern  gen¬ 
erator.  A  chip,  with  the  process  completed  until  the  gate  level,  were 
reaay  for  membrane  etching  mid  April  1986.  The  membrane  etching  has  not 
been  completed,  and  hence  this  process  has  not  been  explored  further 
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2.1.3  Device  Processing  Schedule  Usins  E-Beam  and  UV  Lithography 
(K.  Rauschenbach,  C.  A.  Lee) 

2. 1.3.1  Gate*  Membrane  and  Source-Imase  Fabrication  and  Evaluation 

A  number  of  changes  are  introduced  in  the  processing  by  usins  elec¬ 
trons  for  the  dual  surface  self-aliened  exposure.  Some  of  these  differ¬ 
ences  are  fundamental  such  as  the  ability  to  use  a  negative  resist  for 
the  self-aliened  exposure  and  to  use  the  electron  scatterine  in  the  mem¬ 
brane  plus  the  resist  layers  on  it  to  obtain  a  source  leneth  that  is 
about  half  that  of  the  eate  electrode.  Simulations  of  the  enerey  depo¬ 
sition  of  hieh  voltaee  electrons  indicated  that  fabrication  of  the  sub¬ 
micrometer  millimeter-wave  structure  would  require  100  kV  electrons  when 
lateral  scattering  throu^a  several  layers  of  semiconductor  and  resist 
were  accounted  for.  Our  experiments  demonstrate,  however,  that  30  kV 
electrons,  available  in  the  EBMF2  microscope,  are  sufficient  for  fabri¬ 
cating  source  images  of  less  than  a  quarter  micrometer.  The  explanation 
lies  in  the  hish  contrast  of  the  resist  and  control  of  the  exposure  used 
for  the  dual  surface  lithography.  We  have  shown  that  a  two  to  one  ratio 
of  ^ate  to  source  lengths  can  be  attained  for  30  kV  electrons  if  the 
Sate  electrode  is  some  500  nm  Ions.  With  these  dimensions,  which  are 
equivalent  to  a  250  nm  sate  length  in  a  conventional  FET,  the  self 
aliened  source  fabrication  process  by  E-beam  exposure  is  simpler  and  can 
be  carried  out  in  an  instrument  with  a  hish  decree  of  control  over  the 
exposure  process.  We  have  also  demonstrated  that  dual  surface  self 
aliened  UV  exposures  can  be  controlled  in  a  similar  manner  to  yield  the 
required  resolution  for  a  quarter  micron  source  imase.  It  may  seem 
surprising  that  a  resolution  in  the  quarter  micron  ran^e  can  be  achieved 
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with  UV  exposures,  but  it  must  be  remembered  that  in  the  dual  surface 
exposure  the  mask  is  conformal  and  the  very  high  refractive  index  of  the 
membrane  reduces  the  effective  wavelength  thus  limiting  the  edge  dif¬ 
fraction  to  much  less  than  is  possible  with  normal  contact  printing. 

For  E-Beam  and  UV  processing,  a  7  x  7  array  of  gate  structur  i  and 

drain  contacts  are  made  as  shown  in  Fig.  11.  The  drain  contacts  are 

implanted  through  a  mask,  but  are  not  metallized  until  later  in  the  pro¬ 
cessing  because  the  metallization  would  interfere  with  the  dual  surface 
exposure.  The  gates  in  this  array  are  of  different  lengths,  from  0.25 

to  2.0  pm  in  order  to  yield  information  on  the  exposvre  control  and 

resolution  of  the  dual  surface  self-aligned  exposure.  The  jotted  line 
surrounding  the  active  area  in  Fig.  11  is  f o  ted  late  in  the  processing 
and  serves  to  eliminate  some  end  effects  on  each  transistor  and  to  iso¬ 
late  each  transistor  in  the  array,  but  in  the  transistors  fabricated  to 
date  this  refinement  has  been  dispensed  with. 

To  fabricate  the  gate  electrodes  a  700  nm  film  of  tungsten  is  sput¬ 
tered  over  the  ei  ire  9  x  9  mm  wafer.  On  top  of  the  tungsten  there  is  a 
30  nm  overlayer  of  nickel.  PMMA  is  spun  onto  the  nickel  and  the  posi¬ 
tive  gate  patterns  are  exposed  in  the  EBMF2.  The  nickel  in  the  gate 
patterns  is  oxidized  and  the  resist  and  remaining  nickel  are  removed. 
The  negative  gate  patterns  are  then  reactively  ion-etched.  Figure  12a 
shows  a  0.2  pm  gate  of  foreshortened  height  and  Fig.  12b,  which  is  an 
end  on  view  of  the  tungsten  layer  shows  the  height  to  be  0.6  pm.  The 
gas  used  in  the  reactive  ion  etching  was  CF^.  Previous  reports  [7]  had 

indicated  that  the  undercut t ing  was  severe  when  gratings  were  etched 
with  this  gas  ,  but  with  only  a  single  line  the  undercutting  or  overcut- 
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Figure  11  Layout  of  the  ^ate,  and  drain  electrodes  with  contact  pads. 

The  dotted  line  shows  the  active  area  of  the  transistor  and 
the  membrane  area  is  just  slightly  larger*  about  80  x  100  pm. 
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resist  that  had  submicrometer  resolution  centered  on  a  Novolac  resist 
(Shipley  2415)  that  contained  an  additive  with  the  property  that  elec¬ 
tron  exposure  destroyed  the  ultraviolet  sensitivity  of  the  resist  [8]. 
This  resist  is  capable  of  making  a  submicrometer  negative  imase  of  the 
source  electrode  by  exposing  it  to  electrons  soins  through  the  membrane, 
then  exposing  the  resist  to  UV  radiation  incident  on  the  semi- insulating 
side  of  the  wafer  and  developing  the  source  imase.  There  is  a  further 
restriction*  however,  in  the  requirement  that  one  be  able  to  etch  away 
the  AlGaAs  layer  after  making  the  negative  source  ima^e.  Since  the 
Novolac  resist  will  not  withstand  this  etch,  a  layer  of  cured  polyimide 
is  spun  on  to  the  membrane  before  putting  on  the  negative  resist.  This 
procedure  will  ?ive  about  the  same  etch  resistance  as  we  obtained  with 
the  membrane  etch  mask.  An  alternative  procedure  here  is  to  remove  the 
AlGaAs  layer  before  spinning  on  the  polvimide  and  Novolac  resists  thus 
avoiding  the  requirement  of  hard  baking  the  polyimide. 

The  requirement  that  electrons  must  pass  through  the  membrane  means 
that  the  memOrane  with  the  Novolac  resist  and  the  polvimide  be  removed 
from  the  sapphire  disk  without  altering  its  properties.  Thus  the  wafer 
must  be  remounted  on  the  sapphire  disk  with  a  material  whose  solute  will 
not  affect  the  Novolac  resin.  A  number  of  water  soluble  compounds  were 
found  suitable  including  gelatin  and  slue.  The  remounted  wafer  with  mem¬ 
branes  is  coated  with  polyimide  and  then  with  the  Novolac  resist.  It  is 
then  removed  from  the  sapphire  disk,  cured  and  exposed  to  30  kV  elec¬ 
trons  in  the  EBMF2-.  This  electron  exposure  is  a  masked  exposure  in  that 
the  electron  exposure  is  confined  to  the  immediate  area  of  the  elec¬ 
trodes  as  shown  in  Fis.  11.  Since  the  electron  exposure  must  be  in  the 
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range  of  10  C/cm  »  exposing  the  entire  wafer  leads  to  very  long  expo¬ 
sures  of  hours  in  length;  confining  the  exposure  reduces  the  time  by 
about  two  orders  of  magnitude.  After  the  electron  exposure  the  wafer  is 
remounted  on  the  sapphire  disk  for  development  of  the  source  image . 

The  new  UV  process  developed  for  fabricating  OGST^  uses  a  rela¬ 
tively  new  photo-imagable  polyimide,  Probimide  337,  which  is  a  negative 
working  resist  with  extremely  high  contrast.  After  etching  the  mem¬ 
branes  and  removing  the  AlGaAs  stop  layer  the  Probimide  may  be  spun  onto 
the  membranes  and  the  supporting  substrate.  The  source  image  may  now  be 
exposed  after  giving  the  resist  a  recommended  baking  cycle  while  the 
membrane  is  mounted  on  the  sapphire  substrate. 

For  UV  irradiation  one  should  use  the  436  nm  line  of  mercury.  The 

importance  of  using  this  resonance  line  is  that  it  is  close  to  the 

V  C 

absorbtion  line  of  GaAs  (L  ^  ^  to  L  and  in  the  neighborhood  of  this 

absorbtion  resonance  the  relative  diectric  constant  ol  GaAs  rises  to  a 
maximum  value  of  25  [93.  The  transparency  of  the  membrane,  moreover,  is 
well  within  the  exposure  range  of  the  resist.  As  a  consequence  of  these 
properties  of  the  GaAs,  the  wavelength  of  the  UV  radiation  inside  the 
semiconductor  is  less  than  900  A  while  the  gate  dimensions  that  are 
being  replicated  are  three  to  six  wavelengths  of  the  radiation.  This 
utilization  of  the  reduced  wavelength  of  the  UV  radiation  within  the 
GaAs  at  a  resonant  absorbtion  in  conjunction  with  a  very  high  contrast 
negative  working  Probimide  resist  are  the  key  points  in  understanding 
how  quarter  micron  source  electrodes  can  be  fabricated  in  an  OGST  with 
436  nm  UV  radiation. 
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spent  trying  to  obtain  a  good  photograph  of  the  source  image.  Optical 
photographs  such  as  the  one  shown  in  Fig.  14  clearly  show  a  resist  image 
for  gross  features  such  as  the  gate  pad  but  the  fine  line  of  the  desired 
source  image  is  barely  visible.  In  transmitted  light,  as  shown  in  Fig. 
15,  a  clear  image  of  the  gate  can  be  seen,  but  no  details  of  the  source 
image  are  visible.  Several  attempts  to  obtain  SEM  pictures  of  the  mem¬ 
brane  showed  no  details  even  when  coated  with  50  -  100  X  of  gold  or  pla¬ 
tinum.  Assuming  that  charging  effects  were  responsible,  the  membrane 
was  embedded  in  silver  paint  and  the  resulting  SEM  picture  is  shown  in 
Fig.  16a.  Athough  the  membrane  is  covered  with  a  200  X  sputtered  gold 


Figure  14  Optical  photograph  of  source  electrode  image  in  negative 
resist  obtained  by  electron  exposure  through  the  membrane. 
The  triangular  part  of  the  contact  pad  is  easily  visible,  but 
the  source  image  in  the  active  area  is  barely  visible. 
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Figure  16  a)SEM  photograph  of  membrane  with  a  gate  electrode  and  a 
developed  source  image  on  the  side  toward  the  viewer#  The 
granular  material  on  either  side  of  the  gate  is  silver  paint 
used  to  suppress  charging  effects.  The  source  image  is  quite 
transparent.  b)A  magnified  view  of  a). 
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Figure  17  An  SEM  photograph  of  a  developed  source  image  with  a  30  mn 
overlayer  of  gold  still  failing  to  show  the  source  image. 
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Figure  18 


An  SEM  photograph  of  a  1  fim  gate  with  a  developed  source  image 
and  a  60  nm  overlayer  of  gold. 
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Figure  19  SEM  view  of  a  source  image  from  a  2  pm  gate  with  a  60  nm  gold 
overlayer.  View  is  along  the  gate  width  and  the  light  region 
one  third  of  the  way  up  from  the  bottom  of  the  picture  i6  the 
semi- insulating  edge  of  the  etched  region. 
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Figure  21  An  enlarged  view  of  the  central  portion  of  Fie;.  20  containing 
the  so  iree  image. 
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Figure  23  a)SEM  photograph  of  source  image  with  an  intermediate  120  nm 
overlayer  of  gold.  Being  partially  transparent  the  underlying 
resist  and  gate  electrode  are  visible  (see  text  for  explana¬ 
tion);  b)magnified  view  of  aj. 
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active  GaAs  layer  of  200  nm,  the  etch  stop  layer  of  100  nm,  a  700  nm 
layer  of  polyimide,  a  300  nm  layer  of  negative  resist,  and  finally  the 
120  nra  layer  of  sold. 

Comparing  Figs*  23b  and  24  we  identify  the  outermost  bright  bands 
with  electrons  that  are  backs cattered  from  the  gate  electrode.  The  cen¬ 
tral  dark  band  is  the  source  opening  which  has  been  partially  closed  by 
the  gold  overlayer.  These  two  associations  allow  us  to  estimate  the 
narrowing  of  the  source  image  produced  by  the  lateral  scattering  of  the 
electrons  in  passing  through  these  multiple  layers;  this  is  shown  by  the 
two  diagonal  lines.  Figure  24  shows  that  the  source  contact  is  approxi¬ 
mately  half  the  width  of  the  gate  contact  and  the  question  arises  as  to 
whether  a  finer  geometry  is  possible.  First  we  observe  that  the  width 
of  the  gate  and  the  source  contacts  could  be  halved  by  merely  halving 
the  thickness  of  the  polyimide  and  removing  the  negative  resist  before 
evaporating  the  contact  met  a  1 izat ion .  Second  we  note  that  the  angle  of 
o  crhuug  of  the  resist  is  a  function  of  the  exposure;  a  reduction  in  the 
exposure  used  in  the  example  of  Fig.  23b  would  result  in  less  overhang 
(i.e.  a  longer  source  image.  This  exposure  dependence  of  the  overhang 
is  a  result  of  the  high  contrast  of  the  resist.  A  further  refinement  of 
the  contact  geometry  can,  of  course,  be  obtained  by  using  higher  energy 
electrons,  but  it  appears  that  30  kV  electrons  will  be  sufficient  for 
mm-wave  transistors  at  90  GHz. 

The  correlation  of  the  bands  in  Fig.  23  with  the  structure  of 
Fig  .24  convinced  us  that  a  usable  source  image  had  been  made  and  for 
reasons  of  greater  yield  and  shortened  processing  time  a  shift  was  made 
to  UV  processing.  Our  initial  view  of  the  UV  processing  was  that  the 
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diffraction  effects  would  not  permit  us  to  achieve  the  electrode  resolu¬ 
tion  required  for  operation  at  90  GHz*  but  the  decreased  processing  time 
would  permit  us  to  demonstrate  a  working  transistor.  Subsequent  pro¬ 
cessing  runs*  however*  revealed  that  the  resolution  we  could  obtain  for 
the  source  image  was  indeed  sufficient  for  mm-wave  operation.  Figure  25 
shows  a  source  image  in  the  Probimide  resist  with  a  100  nm  overlayer  of 
gold.  If  we  conservatively  estimate  that  the  length  of  the  source  con¬ 
tact  is  200  nm  greater  than  the  opening  in  the  photograph  then  we  arrive 
at  a  source  length  of  280  nm.  The  gate  length  used  to  produce  this 
source  image  was  700  nm  and  recalling  that  the  effective  gate  length  in 
the  OGST  is  approximately  half  the  difference  between  the  gate  and 
source  lengths  we  estimate  the  effective  gate  length  to  be  210  rtm .  This 
result  indicates  that  UV  lithography  can  be  utilized  to  great  advantage 
in  fabricating  mm-wave  0GSTfs. 


2. 1.3. 2  Source  and  Drain  Fabrication  and  OGST  Current- Voltage 
Character istics 

With  the  results  of  the  experiments  shown  in  Figs.  23  and  24  we 
proceeded  with  the  transistor  fabrication.  With  the  intent  of  alloying 
to  the  active  layer  the  AlGaAs  stop  layer  was  removed  in  an  80  °C  solu¬ 
tion  of  hydrofluoric  acid  [10].  Figure  26  shows  an  etched  membrane  with 
tie  A1  GaAs  layer  partially  removed.  Then  a  layer  of  Probimide  is  spun 
onto  the  membrane*  cured  and  a  negative  image  of  the  source  electrode  is 
exposed  and  developed.  Next  a  100  nm  layer  of  gold-germanium  was  eva¬ 
porated  and  given  a  short  alloying  cycle  to  form  the  ohmic  contact.  The 
alloying  cycle  bakes  the  sample  for  a  few  seconds  below  the  eutectic 
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Figure  25  SEM  photograph  of  the  smallest  source  ima^e  made  with  UV 
lithography,  demonstrating  the  feasibility  of  fabricating  a 
quarter  micron  wide  source  electrode  with  UV  radiation  of  436 
mrt . 
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temperature  to  remove  water  vaoor,  then  it  is  held  for  another  short 
period  at  the  eutectic  temperature  to  improve  the  surface  wetting  and 

then  the  temperature  is  raised  to  450  °C  for  about  30  sec  to  complete 
the  alloying  cycle.  Figure  27  shows  the  alloyed  layer  of  gold-germanium 
on  the  membrane;  the  bright  line  running  vertically  down  the  center  of 
the  membrane  is  the  source  image  where  electrical  contact  is  made  to  the 
active  layer. 

After  the  source  contact  was  alloyed  another  half  micron  oi  gold 
was  evaporated  to  contact  the  live  source  contact  and  to  strengthen  the 
membrane.  Thicker  ground  plane  metallizations  would  be  more  con¬ 
veniently  formed  by  plating.  The  wafer  containing  the  membranes  is  then 
removed  from  the  sapphire  substrate  and  remounted  with  the  gate  elec¬ 

trodes  on  top.  At  this  point  an  isolation  mask  is  put  on  the  top  sur¬ 
face  and  the  active  la*er  is  etched  away  between  the  transistors  to 
insure  that  individual  transistor  electrical  charater ist ics  are 

observed.  The  drain  contacts  are  then  made  by  conventional  contact 
lithography*  metallization  and  liftoff.  Projection  printing  of  the 
drain  contacts  would  be  preferable  since  occasionally  a  number  of  mem¬ 
branes  are  lost  in  the  contact  printing.  The  drain  contacts  are 

annealed  with  a  temperature  cycle  similar  to  that  used  for  the  source. 
Figure  28  shows  an  optical  micrograph  of  a  completed  OCST  and  Fig.  29 
shows  the  I-V  charater istic  the  gate-source  Schottkv  contact. 

An  enlarged  view  of  the  gate  and  drain  electrodes  of  an  OGST  are 
shown  in  transmitted  light  in  Fig.  30.  The  transistor  electrodes  have 
been  made  transparent  by  limiting  the  thickness  of  the  gold-germanium 
metallizations  to  about  600  A.  The  segregation  in  this  contact  can  be 
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Figure 


28  Optical  micrograph  of  OGST 


from  active  layer  side. 
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Figure  30  Optical  micrograph  of  OGST  with  transparent  electrodes  in 
transmitted  li^ht;  the  Au-Ge  contact  layer  was  limited  to  600 
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Figure  33  Photograph  of  constant 
ing  the  gate  and  drain 
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contact  to  the  n+  layer.  Although  this  solution  has  been  shown  to  be 
feasible  in  the  fabrication  of  the  permeable  base  transistor*  it  is 
beyond  the  capability  of  our  facilities.  Instead  we  have  concentrated 
our  attention  on  achieving  good  wetting  with  gold-germanium  alloys  and 
have  explored  sintered  ohmic  contacts  such  as  the  molybdenum-germanium 
contact  described  by  Tiwari  et  al  [1],  Very  uniform  wetting  has  been 
obtained  by  sputtering  the  alloy  coating  onto  a  heated  substrate  with  an 
appropriate  bias.  This  procedure  removes  the  oxide  while  the  bias  poten¬ 
tial  is  kept  sufficiently  low  that  ion  damage  is  avoided.  To  demon¬ 
strate  this  alloying  procedure  a  thin  film  silicon  diode  was  fabricated 
[11],  A  50  jmra  diameter  Schottky  contact  was  made  on  one  side  of  a  150  nm 
thick  silicon  membrane.  The  ot!ier  side  of  the  membrane  was  completely 
covered  with  an  alloyed  contact  o*7  gold  and  antimony.  Capacitance  meas¬ 
urements  verified  that  the  depth  of  the  alloying  was  less  than  50nm. 
Figure  34  shows  the  current-voltage  characteristic  of  the  diode.  An 
alternative  procedure  to  obtain  more  uniform  wetting  was  to  employ  pulse 
heating.  Pulse  heating  has  the  advantage  that  with  GaAs  surface  damage 
a  itucl  I e  «  s . 

Sintering  and  diffusion  of  impurities,  as  is  the  case  with  the 
molybdenum-germanium  contact,  is  a  promising  technique  for  a  higO  degree 
of  control  over  the  penetration  of  the  contact.  The  description  of  this 
contact  given  by  Tiwari  et  al  Cl]  seemed  to  indicate  that  the  film  was 
composed  mainly  of  Mo !3Ge 23  a^ter  annealin£  at  745  °C.  They  also  argued 

that  dominance  of  the  Mo-Ge  interaction  caused  arsenic  to  play  an  insig¬ 
nificant  role  in  the  film.  To  test  this  hypothesis  we  sputtered  and 
annealed  Mo-Ge  films  onto  silicon  dioxide  and  onto  semi- insula ting  GaAs. 
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Silicon  Schottky  diode  on  a  1500  A  membrane. 


Figure  34  Current-voltage  characteristic  of  a  diode  made  on  a  150  nm  silicon 
membrane;  a  2  mil  diameter  platinum  Schottky  contact  is  made  on  one 
sid^  of  the  membrane  and  a  broad  area  alloyed  e;old  contact  is  made 
on  the  other  side  to  illustrate  the  uniformity  of  wetting;  and  the 
controlled  Denetration  of  the  contact  that  can  be  achieved. 
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The  sheet  resistance  of  the  contact  on  the  silicon  dioxide  was  500  Q./0 
while  the  sheet  resistance  of  the  film  of  the  GaAs  was  only  24  QJU.  We 
concluded*  therefore*  that  either  arsenic  or  gallium  played  a  signifi¬ 
cant  role  in  the  conductivity  of  the  film.  To  further  verify  this  con¬ 
clusion  a  SIMS  analysis  was  carried  out  on  annealed  and  unannealed  Mo-Ge 
films  in  collaboration  with  Prof.  G.  Morrison  and  W.  Ausherer  of  the 
Cornell  Chemistry  Department. 

The  SIMS  analysis  turned  out  to  be  more  complicated  than  antici¬ 
pated  because  of  mass  interferences  (e.g.  ^GeH  and  ^As).  The  distri¬ 
butions  of  germanium  and  arsenic  for  unsintered  and  sintered  films  on 
GaAs  with  a  tungsten  overlayer  are  shown  in  Figs.  35  and  36.  The  ger¬ 
manium  diffuses  nicely  into  the  GaAs  substrate  beyond  the  interface  as 
does  the  arsenic  into  the  contact.  In  fa^t,  sufficient  arsenic 
penetrates  the  contact  to  account  for  the  alteration  in  its  conduc¬ 
tivity.  The  molybdenum  penetration  upon  sintering  is  slightly  slower 
than  that  of  the  germanium  as  is  the  gallium  from  the  GaAs  into  the  con¬ 
tact.  These  profiles  are  in  agreement  with  those  of  Tiwari  et  al  and 
are  consistent  with  the  low  contact  resistances  they  reported.  The  con¬ 
tact  resistance  we  have  measured*  however,  are  still  about  a  factor  of 
ten  higher  than  their  values. 

2.2  DEVICE  DESIGN,  SIMULATION,  and  ANALYSIS 

2.2.1  Process  Simulations  for  Dual  Surface  Lithographies 
(J.P.  Krusius*  A.  Perera) 

2 .2 . 1 . 1  Introduct ion 
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Figure  36  SIMS  profile  of  the  molybdenum-^ rmanium  contact  shown  in  the  previ-  " 

ous  F ii? •  35  after  sintering  at  740  °C;  the  depth  scale  (arbitrary 
units)  is  the  same. 
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Dual  surface  lithography  is  here  defined  to  mean  aligned  sequential 
or  simultaneous  lithography  on  two  opposite  surface  of  a  substrate. 

Aligned  is  clearly  a  key  word  is  this  definition.  If  no  alignment 

requirements  have  to  be  met,  the  patterns  on  the  two  surfaces  are  com¬ 
pletely  independent  and  can  be  defined  using  single  surface  lithography 
on  both  surfaces . 

The  novel  dual  surface  self-alignment  concepts  developed  in  this 
work  are  based  on  the  integration  of  the  exposure  mask  into  the  sub¬ 
strate  structure  and  subsequent  exposure  of  the  backside  resist  through 
the  substrate.  The  substrate  resides  thus  between  the  mask  and  the 

resist.  The  exposure  can  in  principle  be  done  with  photons,  electrons, 
ions,  and  x-rays.  The  transmission  characteristics  of  the  substrate  will 
limit  the  materials  choices  and  the  thickress  of  it.  If  the  substrate 

is  thin  compared  to  the  minimum  feature  size*  one  expects  to  have  a 
faithfull  replication  of  the  mask  image  in  the  resist  as  in  conventional 
contact  printing.  For  thicker  substrates  and  narrower  lines  edge  lateral 
effects  will  bp  important  and  result  generally  in  a  reduced  resist  line 
width  compared  to  the  mask  features.  In  some  cases,  such  as  the  OGST 
device,  this  may  be  a  desired  feature,  while  in  others  inside  or  outside 
spacer  techniques  can  be  used  to  adjust  the  final  linewidth  after  pat¬ 
tern  transfer. 

In  the  following  self-aligned  dual  surface  lithography  with  elec¬ 
trons,  ions,  and  x-rays  will  be  explored  in  closer  detail.  Optical  pho¬ 
tons  have  not  been  considered,  since  semiconductor  type  substrates  are 
of  primary  interest.  Most  semiconductors  have  an  absorption  coefficient 
of  the  order  of  1  .  10^  cm  ^  for  photon  energies  higher  than  3  eV,  and 
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[13]  has  been  used  for  all  electron  simulations.  No  secondary  electrons 
are  tracked  by  EXPOL*  Their  effect  will  be  discussed  separately* 

The  f o 1 lowing  structure  has  been  chosen  for  the  discussion  of  the 
characteristics  of  the  self-aliened  dual  surface  electron  beam  lithogra¬ 
phy*  A  500  rtm  thick  silicon  membrane  serves  as  the  substrate*  The  non¬ 
transparent  mask  lines  are  on  the  top  surface*  The  high  resolution 
positive  tone  resist  PMMA  with  a  thickness  of  500  nm  is  used  as  the 
backside  resist.  The  energy  of  the  incident  electrons  has  to  be  of  the 
order  of  35  keV  or  more  in  order  to  have  most  of  them  traverse  through 
the  svibstrate/r es ist  structure*  The  simulated  electron  trajectories  for 
a  point  entrance  in  the  non-masked  area  for  the  incident  energies  of 
35,  75,  and  125  keV  for  500  electrons  are  shown  in  Fig.  37.  The  trajec¬ 
tories  lie  within  two  concentric  cones  because  of  the  large  density 
ratio  between  the  membrane  and  resist  materials.  The  density  of  the 
backside  resist  is  lower  and  hence  the  lower  cone  is  wider.  The  exit 
width  at  the  lower  surface  of  the  resist  decreases  rapidly  with  increas¬ 
ing  energy.  The  characteristic  exit  width  for  75  keV  electrons  is  about 
300  nm.  The  «.?Lrr esponding  deposited  energy  distributions  for  35,  75,  and 
125  keV  for  100,000  electrons  are  given  in  Fig.  38.  A  cell  size  of  40  nm 
x  40  nm  has  been  used.  The  deposited  energy  distributions  are  consider¬ 
ably  narrower  than  the  trajectory  diagrams  indicate,  since  the  latter  do 
not  resolve  the  center  region  of  the  trajectory  cone  well.  The  width  of 
the  energy  distribution  measured  at  the  10  per  cent  level  from  the  max¬ 
imum  is  now  only  300,  110,  and  70  nm  for  35,  75,  and  125  keV  respec¬ 
tively.  The  lateral  tail  of  the  energy  distribution  is  wider  than  its 
center  part,  but  this  should  not  have  much  significance  because  of  the 
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Figure  37  Electron  trajectories  for  normal  incidence,  point  entrance, 
and  incident  energy  of  30,  75,  and  125  keV  (top,  middle  and 
bottom  panels  respectively).  A  2  ^im  x  1  jim  cross  section  with 
500  nm  Si  (top)  and  500  nm  PMMA  (bottom)  is  shown  in  each 

panel. 
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Figure  38.  Deposited  energy  distribution  for  normal  incidence*  point 
entrance*  and  incident  energy  of30,  73*  and  125  keV  (top. 
middle,  and  bottom  panels  respectively).  A  1  jjm  x  1  pm 
cross  section  with  500  nm  Si  (top)  and  500  nm  PMMA  (bottom) 
is  shown  in  each  panel.  The  energy  contours  have  been 

normalized  with  respect  to  the  threshold  energy  such  that 

22  3 

the  relative  contour  0.1  corresponds  to  1.0  10  eV/cm  . 
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low  energy  levels.  While  the  inclusion  of  secondary  electrons  would 
introduce  a  number  of  electrons  traveling  predominantly  normal  to  the 
direction  of  incidence,  their  mean  lateral  path  length  is  not  larger 
than  5  nm  [12],  Thus  their  effect  on  the  broadening  of  the  present 
energy  distributions  is  quite  small. 

The  energy  distributions  for  the  masked  exposure  can  be  readily 
obtained  via  convolution  with  the  mask  profile.  Convolution  has  been 
performed  using  the  above  cell  size  of  40  A.  Fig.  39  shows  the  final 
masked  energy  distribution  for  600  and  300  nm  wide  mask  lines  for  an 
incident  energy  of  73  keV.  Outside  the  mask  lines  the  resist  receives 
the  full  exposure  dose.  The  deposited  energy  density  falls  to  half  of 
its  value  in  the  first  50  nm  and  to  a  quarter  in  120  nm  from  the  mask 
edge  measured  along  the  lower  surface  of  the  resist.  The  width  of  the 
resist  area  that  receives  an  exposure  energy  of  less  than  half  of  the 
unmasked  area,  is  for  the  300  nm  wide  mask  line  still  180  nm  wide,  if 
measured  along  the  lower  surface  of  the  resist.  For  the  300  nm  wide  mask 
line  the  energy  distributions  from  both  edges  merge  for  lower  contours 
in  the  lower  half  of  500  nm  thick  resist  layer. 

To  first  order  the  development  of  the  resist  image  can  be  modeled 

by  a  single  threshold  energy.  This  neglects  any  non-linearity  in  the 

22  3 

resist  development.  For  PMMA  a  good  value  for  it  is  E^,=  1.  10  eV/cm 
for  a  line  dose  of  100  nC/cm  [12].  Based  on  this  the  mask  line  widths  of 
600  and  300  nm  result  in  resist  line  widths  of  510  nm  and  180  nm  for  a 
500  nm  thick  resist,  and  widehs  of  540  nm  and  230  nm  for  a  250  nm  thick 
resist,  again  measured  at  the  lower  surface  of  the  resist.  Better 
development  models  [14-16]  would  result  in  a  somewhat  narrower  developed 
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resist  line*  since  the  etch  rate  goes  with  [1+(E/  )]  *  where  E  is  the 

local  deposited  energy  and  Eq  a  reference  energy.  A  more  accurate 
development  model  will*  however*  not  change  the  main  conclusions  of  this 
original  study,  and  hence  no  attempt  is  made  to  predict  a  more  quantita¬ 
tive  width  for  the  resist  lines.  The  edge  shape  of  the  resist  lines  will 
be  more  vertical  for  higher  incident  energies  and  thinner  resists,  but 
will  always  show  sloped  edges. 

The  simulated  500  nm  Si  membrane  corresponds  roughly  to  a  GaAs 
thickness  of  220  nm,  and  thus  the  extrapolated  edge  loss  for  an  OGST 
with  a  0.5  pm  long  gate  line  and  a  0.9  pm  thick  backside  resist  is  of 
the  order  of  100  nm  for  75  keV  electrons,  i.e.  result  in  a  source 
length  of  about  0.3  pm. 

.sp  2  2. 2. 1.3  Self-Aligned  Dual  Surface  Ion  Beam  Lithography 

Self-aligned  dual  surface  ion  beam  exposures  proceed  analogous  to 
the  electron  beam  case.  Since  ion  ranges,  because  of  their  large  radius 
and  mass,  are  much  smaller  than  that  of  electrons  for  the  same  e^rgy, 
light  ions  with  higher  incident  energies  and  thinner  substrates  have  to 
be  used.  For  this  reason  only  protons  have  been  explored  here.  The 
exposure  characteristics  for  ions  have  also  been  explored  theoretically 
using  the  Monte  Carlo  particle  simulation  method.  Again  the  particle 

trajectories  and  the  deposited  energy  distribution  are  simulated  first 
for  a  point  entrance,  and  then  the  mask  is  accounted  for  via  convolu¬ 
tion.  The  same  assumptions  about  the  characteristics  of  the  mask  are 

made.  In  order  to  compare  the  electron  and  ion  exposure  characteris¬ 
tics,  both  the  thickness  of  the  silicon  membrane  and  the  resist  layer 

have  been  kent  at  500  nm.  The  incident  energies  have  been  raised 


Figure  40  Proton  trajectories  for 
incident  energy  of  125, 
bottom  panels  respectively 
500  nm  Si  and  500  nm  PMMA 
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Deposited  energy  distribution  for  proton  exposure  for  normal 
incidence,  point  entrance*  and  incident  energy  of  125*  200* 
and  400  keV  (top*  middle,  and  bottom  panels  respectively).  A 
0.6  pm  x  1  pm  cross  section  with  500  nm  Si  and  500  nm  of  PMMA 
is  shown  in  each  panel.  The  energy  has  been  normalized  with 
respect  to  the  threshold  energy  such  that  the  relative  contour 
0.1  corresponds  to  1.0  10  eV/cni  . 


least  suitable  one  for  the  OGST  fabrication. 


2. 2. 1.4  Self-Aliened  Dual  Surface  X-Ray  Lithography 

Self-aligned  X-ray  exposure  of  backside  resists  is  in  principle 
similar  to  conventional  X-ray  lithography,  except  that  the  substrate 
replaces  the  X-ray  membrane  and  that  no  gap  exists  between  the  substrate 
and  the  mask.  The  X-ray  absorption  length  in  light  targets,  such  as 
resists  and  semiconductors,  is  very  small.  For  example  for  the  Cu^  line 
with  a  wave  length  of  13,3  A  the  absorption  coefficient  for  both  Si  and 
PMMA  is  about  0.5  pm  ^  [18].  X-rays  thus  allow  much  thicker  substrates 

than  electrons  and  ions.  The  geometrical  errors  in  the  present  dual  sur¬ 
face  X-ray  exposure  are  extremely  small  because  of  the  small  separation 
between  the  lower  surface  of  the  absorber  mask  and  the  top  surface  of 
the  resist.  For  an  X-ray  source  size  of  3  mm,  a  sour ce-t o-absorber 
separation  of  30  cm,  and  a  field  size  of  1  mm,  the  penumbral  blur  [19] 
equals  3  nm  and  the  lateral  magnification  error  [19]  1  nm  for  a  membrane 
thickness  of  500  nm.  Self-aligned  dual  surface  x-ray  exposures  are  thus 
not  limited  by  geometrical  errors  but  rather  by  the  photoelectrons, 
which  are  produced  during  the  X-ray  absorption  process  and  which  perform 
the  actual  exposure  of  the  resist.  The  photoelectrons  are  likely  to 
travel  prepend icular  to  the  direction  of  flight  of  the  incident  X-rays 
in  the  plane  of  the  resist  [20].  The  range  of  photoelectrons  for  soft 
X-rays  is  of  the  order  of  20  nm  [20,  21].  One  thus  expects  a  loss  of 
linewidth  of  the  order  of  20  nm  per  edge  in  self-aligned  dual  surface 
X-ray  lithography.  X-rays  are  thus  best  suited  for  the  highest  resolu¬ 
tion  requirements  and  thick  membranes. 


2.2.2.  Device  Simulations  (A.  Perera  and  J.P.  Krusius) 


2. 2. 2.1.  Influence  of  Device  Structure  on  Operation 


A  cross-section  of  the  idealized  OGST  is  given  in  Fig.  43.  A  typi¬ 


cal  60  GHz  c  'Lgn  of  the  OGST  will  serve  here  as  the  reference  case  for 


>st  of  the  discussion.  This  design  is  based  on  a  n-type  uniformly  doped 


GaAs  active  layer*  and  has  a  gate  length  of  0.3  pm*  and  an  active  layer 


thickness  of  0.15  pm.  Other  device  parameters  are  given  in  Table  IV. 


The  numerical  methods  employed  in  the  present  finite  difference 


device  simulation  have  been  described  in  greater  detail  in  Ref.  [22]* 


and  will  be  only  briefly  summarized  here.  The  continuity,  momentum  bal¬ 


ance*  Poisson,  and  displacement  current  equations  describe  the  state  of 


the  semiconductor.  This  set  of  coupled  differential  equations  is  solved 


using  the  finite  difference  method.  The  Schar fetter-Gummel  algorithm 


[23]  discretizes  the  current  continuity  equation,  while  Poisson*s  equa¬ 


tion  is  solved  using  banded  Choleski  LU  decomposition  [24].  Time  steps 


of  about  half  the  dielectric  relaxation  time  and  the  half  implicit 


scheme  [25]  are  used  for  the  time  discretization.  For  typical  solutions 


it  is  required  that  both  current  and  charge  are  converged  to  within  1 


percent.  The  local  drift-velocity  electric-field.  v^(E).  and  dif- 


fusivity  electric-field.  D(E).  formalism  is  used  to  describe  the  high 


field  transport  within  the  active  layer.  Due  to  the  small  dimensions  of 


this  active  region,  transient  carrier  effects  would  be  non-negligible ; 


thus,  two  different  transport  models  are  employed  here.  The  first  one  is 


the  conventional  quasi-static  model,  which  assumes  that  carrier  behavior 


is  locally  described  by  steady  state  velocity-dif fusivity  field  rela¬ 


tions.  The  second  model  is  based  on  the  assumption  that  carriers  are 
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Figure.  43  Cross-section  of  the  OGST.  The  coordinate  system  used  in  the  simu¬ 
lation  and  the  positive  sense  01  the  termiai  currents  Ij.  Ig.  and  Jg 
def ined  here  . 
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Table  IV.  OGST  DeTiee  Parameter* 


Physical  device  parameters  for 

OGST 

numerical  simulation. 

(60  GHz  design) 

a 

n. 

=  300  rrn 

=  150  nm 

=  1.2  pm 

=  150  nm  . ,  o 

=  3.0  x  10  cm 

iAh 

=  0.8  V 

€ 

=  13.1 

r 

mostly  undergoing  transport  in  the  central  conduction  band  valley 
without  sufficient  time  for  scattering  into  the  higher  satellite  val¬ 
leys.  The  v  ,(E)  and  D(E)  distributions  for  the  former  model  are  well 
documented*  and  a  specific  model  similar  to  that  in  Ref.  [26]  is  used 
here.  The  second  transport  model  is  contructed  as  follows.  One¬ 
dimensional  constant  field  Monte  Carlo  calculations  have  been  employed 
to  calculate  the  average  drift  velocity  versus  distance  curves  v^(x)  for 
different  E  fields.  The  peak  velocities  of  these  curves  are  used  to 
specify  the  v^(E)  dit tribution.  The  associated  diffusivity  is  obtained 
from  the  Einstein  relationship.  It  is  clear  that  this  transport  model 
mimics  the  near  ballistic  domain,  and  that  it  has  to  be  considered  as  an 
"upper  limit"  for  carrier  transport. 

Some  aspects  of  the  operation  of  the  OGST  have  been  analyzed  ear¬ 
lier  [26].  These  are  :  the  DC  characteristics  of  the  device  for  low 
bias  voltages,  the  pinchoff  mechanism  and  preliminary  figures  of  merit 
for  discrete  devive  operation.  Here  we  extend  the  analysis  to  cover 
full  device  characteristics  for  symmetric  and  assymetric  steady  state 
operation,  and  transient  operation.  We  further  explore  the  distributed 
mode  in  detail.  Two  non-idealities  arising  from  device  fabrication  are 
also  investigated.  The  first  one  of  these  arises  from  gate-source 
misalignment,  which  breaks  the  symmetry  of  the  device,  and  the  second 
one  from  band  bending  effects  at  the  active  layer-to-substrate  inter¬ 
face  . 

(a)  Symmetry 

Since  the  structure  of  the  OGST  is  symmetric  about  the  center  mir¬ 
ror  plane  through  the  source  and  gate  contacts  (Fig.  53),  the  electronic 


source  voltage  (V„„)  of  -1.5V  the  low  field  region  has  almost  coallased 

with  the  source  contact.  For  V  smaller  than  ^.OV  the  low  field 

£s 

region  merges  completely  with  the  source.  The  pinchoff  voltages  tor  the 


Figure.  44  Contour  plo 
0,-0. 75, -1.25. -1.5  V. 


respectively,  for  the  drain-to-source  voltage  (V^g)  of  3  V  (Figs.  45a, 
45b).  The  drain  current  for  this  device  design  depends  linearly  on  the 
gate  bias,  a  feature  that  is  also  evident  from  these  graphs.  This 
behaviour  arises  mainly  from  two-dimensional  field  effects  and  velocity 
saturation.  From  Fig.  45c  we  see  that  the  entire  channel  region  under 
the  gate  hnn  an  electric  field  larger  than  20  (kV/cm).  Since  the  criti¬ 
cal  field  value  for  velocity  saturation  for  GaAs  is  of  the  order  of  5 


Figure.  46  The  OGST  seen  as  evolving  from  the  joining  of  two  MESFET's  at  the 
source  ends. 
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voltage  with  parameter  illustrates  this  point  (Fig.  47a).  For 

example,  the  transconductance  (g  )  of  the  device  increases  sharply  with 

m 

increasing  instead  of  depending  on  (Fig,  48a),  Gat e- to-source 

extension  or  L  --  values  larger  than  zero  are  clearly  needed  for  effi- 
ef  f 

cient  channel  current  modulation  (Fig,  47a),  The  gate-t o-source  capaci¬ 
tance  (C  ),  on  the  other  hand,  depends  on  the  gate  length  L  ,  This  is 
gs  8 

confirmed  by  the  relative  insensitivity  of  the  derivative  of  the  simu¬ 
lated  stored  charge  (QT)  with  respect  to  over  a  wide  range  of  V^g 

values  as  shown  in  Fig.  47b,  A  more  direct  illustration  for  a  single 

operating  point  is  given  in  Fig.  48b.  Since  the  cut  off  frequency  ( f  r^.) 

depends  on  the  ratio  of  g  and  C  *  it  is  limited  by  g  for  small  values 
r  m  gs  m 

of  L  and  by  C  for  large  values  of  L  ,,,  Therefore  an  optimum  value 
eff  7  gs  err 

for  the  cut  off  frequency  of  the  OGST  is  expected  for  moderate  gate-to- 
source  extensions.  The  simulated  result  for  the  present  device  parame¬ 
ters  at  the  operating  point  V,  =  3  V  and  V  =  -2  V  for  this  optimum  is 

ds  gs 

L  /L  equal  to  1.8,  which  corresponds  to  an  approximate  L  of  1/2L  . 
g  s  err  s 

This  optimum  value  is  insensitive  to  the  actual  operating  point  as  long 
as  the  device  remains  in  saturation . These  conclusions  are  valid  for  both 
transport  models*  a  confirmation  of  the  fact  that  the  overall  qualita¬ 
tive  behaviour  of  both  transport  models  have  been  shown  to  be  similar 
[17]. 

(d)  Band  Bending  at  Substrate  Interface 

Band  bending  at  the  active  layer-to-substrat e  interface  may  have  a 
significant  effect  on  the  characteristics  of  the  OGST,  since  the  current 
flow  path  near  the  source  contact  is  close  to  this  interface  [26].  Band 
bending  mav  be  introduced  by  work  function  differences  between  the  two 


causes  the  gate  voltage  to  modulate  one  of  the  dram  current  paths  more 

than  the  other.  For  gross  misalignment  one  of  these  current  paths  will 

approach  resistive  behavior  and  thus  entirely  lose  the  transistor 

effect.  An  illustration  of  the  sensitivity  of  the  OGST  to  gate-source 

misalignment  is  seen  in  Table  V  for  L  /L  equal  to  2.  The  source  elec- 

%  8 

trode  has  been  misplaced  by  multiples  of  one  third  of  the  gat e-to-sour ce 

extension  to  the  left.  The  magnitude  of  source  current  shows  a  net 

increase  and  the  current  density  at  the  source  electrode  shows  a  rigid 

shift  equal  to  the  source  misplacement*  indicative  of  a  soft  symmetry 

violation.  Despite  of  this  g  decreases  rapidly  as  the  source-gate  over- 

m 

lap  on  one  side  decreases  (Fig.  51a)*  an  effect  explained  by  two  dif¬ 
ferent  effective  channel  lengths  for  the  wo  halves  of  the  device.  The 
modulation  of  the  depletion  region  by  will  decrease  as  the  source 

moves  away  from  the  symmetry  axis.  Thus*  decreases  slowly  with 

increasing  source  misalignment  as  is  illustrated  in  Fig.  51b.  As  the 
edge  of  the  source  contact  moves  outside  the  gate  edge*  the  drain 
current  modulation  for  the  other  half  of  the  device  drops  virtually  to 
zero  and*  the  cutoff  frequancy  changes  by  over  40%  (Fig.  51c).  Hence, 
it  is  evident  that  the  perfect  gate-source  alingnement  facilitated  by 
the  self-aligned  dual-surface  lithography  (Sec.  2.1)  is  indeed  essential 


for  the  realization  of  optimum  short  gate  OGST  devices. 


(f)  Asymmetric  Drive  Conditions 

In  the  normal  mode  of  operation  both  drains  of  the  OGST  are  driven 
symmetrically  by  equal  voltages  (Fig.  43).  However*  the  OGST  can  also  be 
operated  by  applying  two  different  voltages  on  the  drains.  Such  voltage 
assymmetries  may  also  result  from  non- idea  1 it ies  related  to  device  and 


Figure  52  Current  at  the  right  drain  terminal  (I.  )  .  current  at  the 

left  drain  terminal  ( 1 ,.)  and  the  total  source  current 

a  function  of  the  difference  between  the  voltage  at 


<V 


as 


the  left  and  right  drain  )i  for  V,  =  IV 
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Figure  53.  Terminal  currents  at  the  drain  (I.)  (a),  source  (I  )  (b) 

a  s 


and  gate  (I  )  (c)  as  a  funtion  of  time,  for  a  gate  step, 

(V.  =  3V,  V  (0)  =  OV,  V  (0+)  =  -2V  ),  u  sing 
ds  gs  gs 

’ballistic1  and  quasi-static  transport  data,  respectively. 
See  Fig.  43  for  positive  directions  of  the  currents. 


1 


contain  contributions  from  the  particle  and  displacement  components  for 
both  transport  models.  In  both  cases  the  response  has  two  distinct 
regions  similar  to  what  has  been  found  to  oe  the  case  for  MESFET's  as 
well  [22],  The  initial  fast  transient  lasts  100  fs  and  500  fs,  and  the 

slow  exponential  type  second  phase  ends  at  300  fs  and  2  ps  for  the 

near-ballistic  and  quasi-static  models  respectively.  In  the  initial 
transient  charges  inside  the  device  redistribute  without  changing  the 
net  charge  balance  of  the  device  too  much.  In  the  second  phase  the  ter¬ 
minal  currents  and  the  total  net  charge  adjust  to  their  steady  state 
values  . 

During  the  fast  phase  a  large  displacement  current  is  seen  leaving 
the  gate  whilst  the  both  the  source  and  drain  currents  enter  the  device. 
This  behaviour  can  be  explained  by  observing  the  time  sequence  of  con¬ 
tour  plots  given  in  Fig.  54-57  .  In  both  cases  this  period  is  charac¬ 
terized  by  the  forming  of  an  accumulation  region  at  the  drain  side  -»f 

the  source  contact.  High-field  velocity  saturation  effects  can  be  asso¬ 
ciated  with  the  forming  of  these  regions  for  both  transport  models,  and 
in  the  quasi-static  case  it  will  be  due  to  differential  negative  mobilty 
caused  at  high  electric  fields  as  well.  The  depletion  region  does  not, 
however,  undergo  much  change  during  this  phase.  As  more  excess  charge 
flows  out  of  the  source  this  accumulation  region  spreads  across  the 
ontire  source.  The  intital  transient  is  caused  by  majority  charge  car¬ 
riers  rolling  down  the  potenial  hill  under  the  gate,  that  forms  when  the 
voltage  is  stepped.  Due  to  the  definition  of  positive  current  flow  that 
has  been  used,  this  flow  of  electrons  into  the  source  and  drain  causes 

1 1  ,  |  and  |I  I  to  increase  and  decrease,  resppctively  (Fig.  53).  The 
d  s 


Figure.  57  Contour  plots  of  the  electro-static  potential  (I)  for  t  =  0.1 
0 . 2 ,0  .3  » 0  .4 ,0 . 5  » 1  .0  » 1  . 5  » 2  .0  (psec)  for  a  gate  step,*  using  quasi-static  tran 
sport  data.  See  Fig.  55  for  details  of  contours. 


cause  fotf  the  difference  in  speed  for  the  two  cases  is  clearly  model 
depenadant,  but  can  also  be  seen  in  looking  at  the  changing  of  internal 
potential  contours  of  the  device  with  time.  In  the  "bil listic”  transport 
model  the  zero  potential  contour  sweeps  under  the  sale  and  creates  a 
steeper  potential  energy  hill.  The  potential  gradient  under  the  gate 
does  not  change  in  the  initial  phase  for  the  other  model,  and  this  added 
driving  force  is,  therefore,  not  present.  In  the  slower  phase,  whilst 
the  accumulation  regions  remain  unchanged,  the  depletion  regions 
steadily  extend  out  to  the  equilibrium  values  as  more  majority  carriers 
leave  the  device.  The  gate  current  slowly  decays  to  zero  and  the  magni¬ 
tude  of  the  source  and  drain  currents  move  closer  towards  equality. 
This  could  be  interpritted  as  the  charging  of  the  gate-source  capaci¬ 
tance  . 

The  drain  step  refipc  *se  is  examined  by  stepping  the  drain  voltage 

from  1  to  5  volts,  while  keeeping  the  gate  at  ground.  Since  the  device 

is  already  in  saturation  for  V,  =  1  V,  I,  does  not  change  by  very 

d  s  as 

much.  The  transient  terminal  currents  I.,  I  and  I  for  such  a  drain 

d  s  g 

voltage  step  are  plotted  in  Fig.  58  .  Here,  while  the  source  current 
remains  relatively  constant  the  gate  and  drain  terminals  have  electrons 
flowing  out  and  into  them,  respectively.  In  this  case  too  an  initial 
fast  phase  is  followed  by  the  gradual  adjustment  of  the  currents  to 
their  steady-state  values.  The  basic  driving  forces  during  this  tran¬ 
sient  is  seen  in  the  contour  plots  of  mobile  charge  density,  and  elec¬ 
trostatic  potential  (Fig.  59  and  60). 


2. 2. 2. 3  Distributed  Amplification 


In  each  cross  section,  taken  along  the  current  flow,  the  structure 
of  the  OGST  can  be  considered  to  consist  of  three  coupled  microstrip 
lines.  The  gate  line  runs  symmetrically  between  the  two  drain  lines  over 
the  ground  plane  (source).  If  the  input  signal  is  fed  into  the  gate 
line,  the  output  signal  on  the  drain  lines  builds  up  as  the  waves  travel 
along  the  width  direction  of  the  device.  The  OGST  can  thus  act  as  a  dis¬ 
tributed  amplifier,  a  unique  capability  of  this  device.  The  structure  of 
the  ideal  OGST  has  a  rotation  symmetry  of  180  degrees  around  a  line 
placed  into  the  center  of  the  gate  line  along  the  width  direction  of  the 
device.  Thus  also  the  coupling  of  the  traveling  electromagnetic  waves 
must  show  this  same  symmetry.  In  the  following  the  distributed  amplifi¬ 
cation  characteristics  are  analyzed  by  modeling  the  OGST  as  three  cou¬ 
pled  microstrip  lines  with  the  coupling  determined  by  the  FET  and 
geometrical  characteristics  of  the  OGST.  Both  capacitive  coupling,  aris¬ 
ing  from  the  drain-to-gate  feedback  capacitance,  as  well  as  the  tran¬ 
sconductance  coupling,  the  gain  element  of  the  OGST.  are  taken  into 
account . 

The  top  view  of  the  structure  of  the  OGST  is  shown  in  Fig.  61.  In 
each  infinitesimally  short  cross  section  the  equivalent  circuit  for 
these  transmission  lines  is  given  in  Fig.  62a.  which  because  of  the 
rotation  symmetry  reduces  to  only  two  effective  coupled  lines  (Fig. 
62b). 

The  circuit  elements  g  .  C,  .  C,  .  C  .  and  g,,  arise  from  FET 

m  dg  ds  gs  dd 

operation  and  can  be  calculated  from  the  numerical  two-dimensional  dev¬ 
ice  simulations  described  above.  Conductances  are  derived  directly  from 
simulated  current-voltage  characteristics  via  divided  differences.  In 
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order  the  calculate  the  electronic  contributions  to  the  capacitances  the 
total  net  charge  within  the  device  has  been  integrated  for  two  adjacent 
operating  points*  and  the  capacitance  then  determined  from  the  divided 
difference  of  the  total  charge  with  respect  to  the  relevant  terminal 
voltage  changes. 

The  justification  for  treating  the  drain  and  gate  lines  of  the  OGST 
as  classical  low  loss  microstrip  lines  is  based  on  the  following  heuris¬ 
tic  arguments:  (a)  both  lines  are  long  compared  to  the  width  in  the  OGST 
cross  section,  (b)  both  lines  are  homogeneous  in  the  length  direction, 
(c)  both  lines  are  inhomgeneous  in  the  width  direction  with  an  approxi¬ 
mate  mirror  symmetry  about  the  vertical  bisector  plane  of  each  line,  (d) 
both  lines  are  low  loss  (line  resistance  small,  and  resistance  to  ground 
large).  The  coupling  of  these  microstrip  lines  includes  in  principle 
both  capacitive  and  inductive  contributions.  The  latter  coupling  is, 
however,  for  practical  purposes  forbidden  because  of  the  reflection  sym¬ 
metry  of  the  device  structure.  Inductive  coupling  of  drain  lines  to  the 
gate  are  strictly  forbidden  by  symmetry,  while  the  opposite  is  only 
approximately  true  because  of  the  small  gate  currents.  The  geometrical 
coupling  capacitance  is  small  compared  to  the  electronic  gat e-t o-dr a  in 
feedback  capacitance  and  has  hence  been  neglected  altogether.  The 
transmission  line  parameters  R^,  ^2 ?  ?  *  ^1*  *n<*  ^2 ?  can 

calculated  using  formulas  for  microstrip  lines  [27,28]. 

The  above  model  for  the  distributed  interaction  allows  for  even  and 
odd  modes  of  propagation.  The  basic  transmission  line  equations  are  set 
up  using  an  approach  similar  to  the  one  followed  by  [29,30].  Ref.  [31] 
had  treated  the  same  problem  earlier  but  contained  several  algebraic  and 


conceptual  errors*  and  hence  drawn  conclusions  are  unconfirmed.  The 
transmission  lines  analysis  leads  in  our  case  to  a  4  x  4  complex  linear 
system  of  equations  of  the  form 

A  u  =  i  * 

where  A  is  a  4  x  4  coefficient  matrix  with  the  units  of  admittance,  u 
the  1x4  column  voltage  vector  for  the  mode  amplitudes*  and  i  the  1x4 
current  vector,  i  has  only  one  non- zero  component  because  only  the  gate 
line  is  driven.  Drain  and  gate  line  termination  impedances  are  included 
in  the  admittance  matrix.  The  propagation  coefficients  (even  mode) 

and  y2  (odd  mode)  are  determined  by  the  impedance  and  admittance 
matrices.  The  complex  linear  system  is  solved  by  standard  Gauss- Jordan 
elimination  provided  in  the  sortware  package  LINPACK.  Further  details 
will  be  given  elsewhere  [32]. 

Programming  of  the  above  approach  has  almost  been  completed*  and 
software  testing  started.  The  results  will  be  published  elsewere  when 
available  [32].  The  results  from  the  coupled  microstrip  line  analysis 
will  be  compared  with  two  different  approximations  to  the  same  problem. 
The  first  one  is  based  on  ideal  lossless  transmission  lines  with  a  con¬ 
stant  transconductance  coupling  only.  Analytical  models  of  a  lossy  line 
with  transconductance  coupling  and  also  with  Miller  capacitive  coupling 
have  been  treated  earlier  by  C.  A.  Lee  and  G.  C.  Dalman  of  Cornell 
University.  The  second  one  relies  on  circuit  simulation  with  the 
assumption  that  each  thin  cross  sectional  slice  of  the  OGST  device  is 
much  faster  than  the  speed  of  propogation  along  the  lossy  gate  and  drain 
lines  of  equal  length.  The  circuit  simulation  results  should*  for  short 


cross  sectional  slices  and  low  loss*  converge  to  the  coupled  transmis¬ 
sion  line  case.  Finally*  results  can  also  be  compared  with  a  previous 
analysis  performed  by  TRW  [31].  These  comparisons  are  currently  in  pro¬ 
gress,  and  will  facilitate,  once  completed,  a  thorough  understanding  of 
the  distributed  gain  characteristics  of  the  OGST.  Future  device  and 
amplifier  designs  can  be  based  on  these  results. 

2.3  MICROWAVE  DEVICE  CHARACTERIZATION 

As  part  of  the  program  to  characterize  very  small  mm-wave  devices, 
work  was  initiated  on  (1)  the  assembly  and  evaluation  of  scalar  and  vec¬ 
tor  semi-automatic  swept  frequency  network  analyzers  for  both  Ka  and  W 
bands;  (2)  the  development  of  waveguide  to  microstrip  adaptors;  and  (3) 
the  fabrication  and  characterization  of  very  small  transmission  lines 
useful  as  interconnects  between  the  device  under  test  and  the  waveguide 
to  microstrip  adaptors.  A  discussion  of  the  progress  made  is  presented 
below . 

2.3.1  Scalar  and  Vector  Network  Analyzers  (G.  C.  Dalman,  H.  Kondoh) 

Two  scalar  vector  network  analyzers  have  been  assembled  and  tested, 
one  for  Ka  band  and  one  for  W  band.  Both  utilize  broadband  crystal 
detectors  so  that  real  time  measurements  of  the  magnitude  of  the 
scattering  parameters  of  an  unknown  load  can  be  made  over  a  broad  range 
of  frequencies.  Both  oscillographic  and  x-y  recorder  displays  are  possi¬ 
ble. 
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Work  has  also  been  completed  on  a  computer-aided  4-port  vector  net¬ 
work  analyzer  for  Ka  band.  A  description  of  the  first  design  of  this 
analyzer  is  attached  as  Appendix  III.  This  analyzer  utilized  two 
thermistors  as  power  detectors.  Since  thermistors  respond  slowly,  the 
testing;  time  is  relatively  slow.  In  our  recent  second  design  broadband 
crystal  detectors  are  being  used  as  replacements  for  the  two  thermis¬ 
tors.  While  the  operation  of  the  analyzer  is  the  same,  this  substitu¬ 
tion  has  reduced  the  testing  time  significantly.  It  should  be  noted, 
however,  that  the  speed  of  the  newer  design  is  limited  by  a  mechanical 
phase  shifter  which  is  used  in  the  system.  In  making  a  measurement  it  is 
necessary  to  make  two  frequency  sweeps,  one  with  the  mechanical  phase 
shifter  set  to  0°  at  the  middle  of  the  band  and  another  with  a  90°  set¬ 
ting.  The  resetability  of  the  fequency  of  the  sweeper  becomes  an  impor¬ 
tant  factor  limiting  the  measuring  accuracy.  However,  the  use  of  an 
electronic  phase  shifter  which  alters  the  phase  between  0°  and  approxi¬ 
mately  90°  at  each  of  the  frequency  steps  will  eliminate  this  problem. 
It  will  also  shorten  the  test  time  since  only  one  frequency  sweep  is 
required.  The  use  of  the  electronic  phase  shifter,  along  with  the  two 
crystal  detectors  discussed  above*  would  make  quasi-real- time  display  of 
the  results  possible.  Development  work  on  the  electronic  phase  shifter 
is  under  way. 

Components  for  a  4-port  W  band  network  analyzer  have  been  assembled 
and  preliminary  performance  testing  has  started.  Also  an  H.P.8510A 
automatic  network  analyzer  has  been  received  and  is  operational  to  18 
GHz.  It  is  planned  to  use  the  HP  equipment  to  determine  the  low  fre¬ 
quency  S-parameters  of  experimental  transistors. 


2.3.2  Waveguide  to  Microstrip  Adapter  Development  (G.  C.  Dalman) 

To  facilitate  the  testing  of  very  small  transistor  structures  a 
precision  waveguide  to  microstrip  adaptor  is  needed.  Our  initial 
approach  was  to  fabricate  a  waveguide-coaxial  line-microstrip  adaptor 
for  Ka  band.  However, TRW  (Redondo  Beach*  CA)  has  completed  the  develop¬ 
ment  of  a  W-band  finline  waveguide  to  microstrip  adaptor  and  they  have 
supplied  us  with  one  of  these  fixtures.  We  have  scaled  their  design  to 
Ka-Band  and  the  results  are  discussed  below. 

2. 3. 2.1  Ka  Band  Waveguide  to  Microstrip  Text  Fixture  (J.  Bellantoni* 

G.  C.  Dalman,  C.  A.  Lee) 

A  waveguide  to  microstrip  test  fixture  for  testing  devices  at 
millimeter-wave  frequencies  (Ka-Band)  has  been  realized  using  E-plane 
printed  circuit  technology.  The  transition  is  accomplished  with  an 
antipodal  finline  that  rotates  the  TEjq  waveguide  field  into  a  micros¬ 
trip  configuration  [33].  Preliminary  test  results  indicate  excellent 
1.3:1  VSWR  at  the  36  GHz  center  design  frequency  and  suggest  the  possi¬ 
bility  of  better  than  2:1  VSWR  over  the  entire  26.5  to  40.0  GHz 
waveguide  band.  Figure  63  shows  two  views  of  this  Ka-Band  transition; 
the  upper  photograph  shows  the  assembled  fixture  and  the  lower  photo¬ 
graph  shows  it  with  the  .  vo  top  parts  removed  to  each  side  of  the  bottom 
part.  The  patterned  Duroid  microstrip  transition  can  be  seen  in  the 
middle  of  the  waveguide  slot. 

The  test  fixture  consists  of  gradually  tapered  finline  ridges  on 
opnosite  sides  of  the  dielectric  substrate  that  concentrates  and  rotates 
the  field.  The  dielectric  selected  for  the  test  fixture  prototype  is  5 
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mil  thick  Rogers  Duroid  5880.  It  is  anticipated  that  a  hard  substrate 
such  as  0.010”  thick  quartz  [34]  may  be  used  to  facillitate  transitions 
between  the  device  under  test  and  the  microstrip  line.  The  transition 
length  and  curvature  were  generated  by  scaling  a  TRW  W-Band  test  fixture 
[35]  down  to  Ka-Band.  To  enhance  manufacturaoility *  a  simple  cosine 
taper  is  used  to  approximate  the  optimum  cosine  series  coupling  distri¬ 
bution  [36].  In  order  to  minimize  reflections  from  the  air  dielectric 
interface  quarter  wave  transformers  [37]  have  been  introduced  in  the 
form  of  a  dielectric  protrusion  at  each  end  of  the  fixture.  The  finline 
is  isolated  from  the  housing  by  a  thin  strip  of  mylar  tape.  This  allows 
dc  bias  to  be  introduced  onto  the  microstrip  line  while  effectively 
grounding  the  finline  at  millimeter-wave  frequencies  through  the  mylar 
capa  c itor  . 

The  printed  circuit  mask  was  designed  on  the  GDS  II  CALMA  computer 
aided  design  system.  The  tape  output  from  the  CALMA  station  was  used  to 
produce  top  and  bottom  glass  masks  on  a  Mann  pattern  generator.  The 
glass  masks  were  found  to  be  incompatible  with  the  etching  facilities  at 
hand,  so  the  patterns  were  transferred  to  Kodak  mylar  Precision  Line 
Film  with  a  collimated  beam  of  light.  The  top  and  bottom  mylar  masks 
were  then  aligned  to  within  2  mils  and  taped  together  with  7  mil  thick 
double  sided  tape  (Fig.  64). 

The  printed  circuits  were  fabricated  using  standard  photolitho¬ 
graphic  techniques.  The  Duroid  boards  were  spin  coated  with  Shipley 
340B  resist  and  exposed  with  a  collimated  400  W  light  beam  for  2.5 
minutes  in  a  Cannon  Contact  mask  aligner.  Microposit  303A  developer  was 
then  used,  followed  by  etching  in  a  ferric  chloride  solution.  After 
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gold  plating  per  MIL-G-45204  50  micro- inches  minimum,  the  boards  were 
ultrasonically  cleaned  and  trimmed  to  size  by  hand  for  assembly  into  the 
fixture , 

Two  housings  were  machined  out  of  soft  brass,  requiring  ten  hours 

of  machinist  time  including  the  time  to  program  the  computer  controlled 

Bridgeport  milling  machine.  In  retrospect  there  are  several  tight 
tolerances  and  machine  steps  that  may  be  eliminated,  which  would  allow 
the  housings  to  be  produced  at  substantial  savings  over  the  prototype 
version.  The  housings  were  gold  plated  per  MIL-G-45204  50  micro-inches 
minimum  and  ultrasonically  cleaned  before  assembly. 

Performed  on  the  computer-aided  four  port  network  analyzer 
developed  on  this  contract.  The  sophisticated  computer  program  provided 
the  data  illustrated  in  Fig.  65.  Insertion  loss  was  measured  with  a 
waveguide  short  at  Port  2  of  the  test  fixture  while  a  load  with  better 
than  1.2:1  VSWR  was  used  for  the  reflection  measurement.  The  network 
analyzer  has  an  accuracy  that  has  been  demonstrated  to  be  better  than 
0.2  dB. 

Figure  66  is  the  swept  frequency  data  for  the  test  fixture.  The 

VSWR  is  1.3:1  at  the  design  frequency  of  36  GHz,  and  is  better  than 

1.8:1  from  26.5  to  36.8  GHz.  The  fixture  is  currently  being  experimen¬ 
tally  optimized  to  improve  the  VSWR  from  36.8  to  40  GHz  and  reduce  the 
insertion  loss  over  the  entire  band.  The  poor  VSWR  above  36.5  GHz  is 
thought  to  be  due  to  parastic  resonances.  An  additional  metallization, 
if  added  properly  to  the  circuit,  can  prevent  the  metal-free  region 
below  the  tapes  from  resonating  within  the  Ka-Band. 
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Figure  65  Reflection  coefficient  data  obtained  from  the  network  analyzer  for 
the  wave^uide-microstr ip  transition  with  the  second  port  terminated 
in  a  waveguide  short. 
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With  good  VSWR  and  reasonable  insertion  loss  this  test  fixture  will 
be  ideal  for  use  in  the  development  of  millimeter-wave  devices  and  cir¬ 
cuit  s . 

2,3 ,3  Small  Transmission  Line  Interconnects  (G.  C.  Dalman,  A, 

Yarborough) 

Since  the  physical  size  of  the  transistor  to  be  tested  is  very 
small,  suitably  designed  transmission  lines  are  required  which  taper 
from  the  small  transistor  device  up  to  the  relatively  large  dimensions 
of  the  raicrostrip  section  of  the  waveguide-microstrip  adaptor.  Work 
(partially  sponsored  by  the  Semiconductor  Research  Corporation  (SRC))  is 
under  way  to  fabricate  suitable  structures.  Progress  made  to  date  is  as 
follows : 

a.  Polyimide  has  been  shown  to  be  a  suitable  dielectric  substrate  for 
very  small  microstrip  transmission  lines. 

b.  A  simple  transmission  resonator  test  structure  has  been  developed 
to  evaluate  the  losses  in  microstrip  lines. 

c.  Several  experimental  lithography  techniques  have  been  developed  for 
fabricating  small  microstrips. 

d.  A  new  trench  waveguide  structure,  shown  in  Fig.  67,  is  being 
evaluated  for  millimeter-wave  work. 

2.3.4  Microwave  Measurements  on  OGST’s  (K.  Rauschenbach ,  J.  Bellantoni, 
and  C.  A.  Lee) 
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Figure  67  A  schematic  cross  section  of  a  new  ’’trench"  waveguide  being 
evaluated  for  mil lime ter- wave  work. 


The  transistors  described  in  Section  2.1.3  were  mounted  in  a  Duroid 
test  fixture  for  S  parameter  measurements  up  to  18  GHz  in  an  HP  8310 
Network  Analyzer.  The  Duroid  5880  microstrip  fixture  is  shown  schemati¬ 
cally  in  Fig.  68.  The  27.4  H  sections  represent  quarter  wave  transform¬ 
ers  to  match  the  transistor  input  and  output  lines  at  18  GHz.  Figure  69 
shows  a  photograph  of  the  fixture  containing  the  Duroid  circuit  and  a 
mounted  transistor.  Figure  70  shows  a  magnified  view  of  an  OGST  mounted 
in  the  Duroid  circuit. 

Although  some  half  dozen  transistors  were  mounted  and  tested  the 
microwave  tests  were  largely  unsuccessful.  A  sample  of  the  microwave 
data  is  shown  in  Fig.  71  which  shows  no  indication  of  transmission  gain. 
This  result  was  disappointing  in  view  of  the  fact  that  probe  measure¬ 
ments  had  indicated  oscillations  and  reasonable  transconductances  had 
been  measured.  Microscopic  examination  of  the  transistors  after  mount¬ 
ing  revealed  that  many  of  the  gate  electrodes  were  detaching  themselves 
from  the  active  layer.  It  seems  that  flexure  of  the  75  pm  GaAs  sub¬ 
strate  although  it  was  insufficient  to  break  the  membrane  it  was  suffi¬ 
cient  to  make  the  gates  curl  up  away  from  the  membrane.  This  adhesion 
problem  had  arisen  earlier  when  deposition  stress  in  the  tungsten 
metal lization  became  too  great.  3y  manipulating  the  conditions  of  depo¬ 
sition  this  stress  could  be  reduced  to  very  low  values,  but  the  flexure 
encountered  in  mounting  is  evidently  too  great  to  maintain  adhesion.  A 
layer  of  titanium  would  improve  the  adhesion,  but  there  was  not  time  to 
redo  those  metallizations.  Effort  will  continue  to  mount  a  transistor 
for  microwave  measurement. 
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Figure  71  Unsuccesful  measurement  of  S^,  of  a  mounted  OGST. 
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Appendix  I.  Process  Schedule  Iteaoits  tint  ion 

I-lay  Lithography 

(J.P.  Arnsins •  J .  In loan,  and  A.  Perer t) 


Starting  Material 
Structure 
Source 
Thickness 

(1)  Cleaning  process  No.  1 

(2)  Boron  deposition 
Source 

Vendor 
Grade 
Lot  No . 

Size 

Boron  Nitride  diffusion 
Clean 
Rinse 
Clean 
Rinse 
Blow-dry 
Thermal  cycle 
System 
Tempera  ture 
Time 


:  Silicon 

:  n-type#  0.92  -  0.9* 
:  Silicon  Processing 
:  12  +/-  1  mils 


:  solid  BN  disks 
:  The  Carborundum  Co 
:  BN-975 
:  8501 

:  3”  dia.  X  0.040" 
source  disk  preparation 
:  Acetone  3  min 
'  ))T  H^O  5  min 
:  Buffered  SiO^  etch 
:  DI  RjO  5  rain 
:  Nitrogen 

:  Therraco,  TCA  tube 
:  950  °C 

:  25  rain,  dry  0^ 

45  min,  dry  N^ 


of  Doal  Surface 


ohm- cm#  (100) 
Co.  Boston,  MA. 


4  min 


I-i 


KrQ8iQ8»  InlvaHt  and  Perera 


Deposition 

System 

Temperture 

Time 

Thicknes  s 


:  Thermco 
:  1150  °C 
:  45  min 
:  3-2  pm 


(3)  Initial  Cleaning  Process 


Bath  No.l 
Bath  No. 2 

Spin  rinse 


Bath  No. 3 


:  Methyl  Chloride  (CH^Cl)  1  min 
:  Methyl  Alcohol  30  sec 
N^  blow-off 
:  Acetone  1  min 

Methyl  Alcohol  1  min 
DI  water  1  min 

:  Hydro-f lour ic  acid  49%  15  sec 
DI  H202  30  sec 
N2  blow-off 


(4)  Deposition  of  electroplating  base  (Cr-Au) 


Thermal  Evaporation  of 
Syst  em 

Base  pressure 

Tooling 

Source 

Chrome  Vendor 
Power 
Thicknes  s 

Thickness  (actual) 


Chrome 
:  CHA 

:  4.0  X  10‘7  torr 
:  140.0  % 

:  chrome  plated  W  rod  ( 
:  R.  D.  Mathis  Company 
:  65  A/  10  V 
:  50  X 

:  50  X  +2.0  % 


source  No. 


3) 


1-2 


Krasins*  Ial*an»  and  Ferera 


System 

Base  Pressure 
Deposition  pressure 
Temperature 
Power 

N^O  flow  rate 

SiH.  flow  rate 
4 

Deposition  rate 
Time 

Thicknes  s 
Pmma  spin  on 
Vendour 
Dilution 
Speed 
Time 

Post-Bake 


:  Technics 
:  <0.1  mTorr 
:  435  mTorr 
:  200  °C 
:  37  Watts 
:  60  seem  (109  mm) 

:  6  seem  (partial  pressure  =  64  mTorr) 
:  425  k/min 
:  1  min  2  5  sec 

:  650  A 

:  KTI  Chemicals  Inc. 

:  4  %  in  chloro-benzene 
:  6000  rpm 
:  60  sec 

:  170  °C,  atmosphere*  1  hour 


(7)  Electron  beam  Lithography  of  gate  level  of  ring  oscillator  and  sets  of 


1  ines 
System 

Beam  Current 


EHT 

Clock  rates  (-  1  pm) 
(0.3  pm) 
(0  * L  pm) 
(0.5  pm) 

Field  size 


Cambridge  Instruments,  EBMF6 
2  nA 
30  KEV 
200  KHz 

70  KHz  1  pass  lines 
63  KHz,  11  " 

56  KHz,  n  " 

3 .2  mm 


1-4 


Eras ins.  Inlsan,  and  Ferera 


Field  size 
Distortion 
Focussing 
Aperture 
Development  of 
Developer 

Time 

Temperature 
Ag  it  at  ion 
Rinse 


calibration  r  manual 
corrections  :  off 

:  manual 
:  No.  2 *  400  pm 
electron  beam  exposure 

:  MIBKrIPA  (Methyl  Iso-Butyl  Ketone 
Iso-Dropyl  alcohol)  1:1 
:  2  min 

:  room  temperature 
:  yes 

:  IPA  at  RT*  30  sec 

flowing  DI  at  RT*  30  sec 
blow-off 


(8)  Pattern  the  Si02  and  polyimide 
E-beam  resist  descum 


System 

:  Applied  Materials 

Base  pressure 

:  5  X  10"5  Torr 

Etch  pressure 

:  30  mTorr 

Electrode 

:  q  ua  1 1  z 

Gas 

:  oxygen  (0^) 

Flow  rate 

:  30  seem 

Power 

:  0.25  Wcm"2 

DC  Bais 

:  -440  V 

Time 

:  15  sic 

Reactive  Ion  Etch  of  PECVD  SiC^ 


Krasina*  Inlvan*  and  Ferera 


Gas 

Freon  23  ( CHF 

Etch  pressure 

30  mTorr 

Flow  rate 

30  scan 

Power 

0.25  Wcm”2 

DC  Bias 

-360  V 

Time 

6  min 

Reactive  Ion  Etch  v,r 

Polyimide 

Gas 

oxygen  (02) 

Etch  Pressure 

30  mTorr 

Flow  rate 

30  scan 

Power 

0.25  Wcm"2 

DC  Bias 

-440  V 

Time 

8  min 

(9)  Gold  Electro-plating  of  gate  features 


Electrolyte 
Vendor 
Temoera  tur  e 
Stirring 
Current 
Anode 
Vendor 

Plating  rate 

Time 

Thickness 


BDT-510 
Sel  Rex  Co. 

50  °C 

2.5  on  Cole  Parmer  hotplate  no. 4812 
125  pA 
Platinum 
Sel  Rer  Co. 

2000  A/m in 

2 

(net  n  la  ting  area  =  1  cm  ) 

4  min 

800  0  A  +  6% 
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(10)  Tri  layer  resist  removal  (RIE) 
Pre-etch  clean 


System 

:  Applied  Materials 

Base  pressure 

:  5  X  10"6 

Gas 

:  oxygen  (02) 

Etch  pressure 

:  30  mTorr 

Electrode 

:  quartz 

Flow  Rate 

:  30  seem 

Power 

:  0.25  Wcm"2 

Bais 

:  -440  V 

Time 

:  2  min 

PECVD  Si02  Etch 

Gas 

:  Freon  23  (CHF^ 

Etch  pressure 

:  30  mTorr 

Flow  Rate 

:  30  seem 

Power 

:  0.25  Wcm"2 

Bias 

:  -370  V 

Time 

:  10  min 

Polyimide  removal 

Gas 

:  oxygen 

Etch  pressure 

:  30  mTorr 

Flow  ratt 

:  30  seem 

Power 

:  0.25  Wcm"2 

Bias 

:  -440  V 

Time 

:  1 0  m  in 
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Krasins*  lalnan,  and  Ferera 


(11)  Ion  Milling  of  plating  base 


System 

:  Hillatron 

Gas 

:  Argon 

Base  Pressure 

:  4  X  10"6 

Torr 

Chamber  pressure 

:  2  X  10'5 

Torr 

Gun  pressure 

:  2  X  10"4 

Torr 

Cathode 

:  11.5  V,  15  A 

Magnet 

:  3.0  V,  2. 

5  A 

Accelerator 

:  500  V 

Extractor 

:  350  V 

Stage  rotation 

:  on 

Beam  current 

:  38  mA 

Etch  time 

:  40  sec 

(12)  Photolithography  (membrane  area  definition) 

Dehydr ada t ion  bake  :  1  hour  at  150  °C,  in  air  anbient 

Primer  coating  :  Microposit  030 

set  for  15  sec* 
spin  at  5000  rpm*  30  sec 
Resist  coating  :  AZ-1350J 

spun  at  3000  rpm*  30  sec 
-  2/im  thick 

Softbake  :  80  °C*  15  min,  air  ambient 

Exposure  :  Cobilt  400A  Proximity  Aligner 

flood  exposure,  45  sec 
“2 

intensity  =  5  mWcm 


Developement 


:  2  min,  30  sec,  Shipley  606  developer 


Krasins,  lalssn.  and  Ferera 


Rinse  :  2  min  in  flowing  DI  water 

Spin  dry  :  5000  rpm.  30  sec 

Postbake  :  10  mm#  90  °C#  air  ambient 


(13)  Membrane  etch  mask  (back  surface  Si^N^)  patterning 


Etchant 

Time 
Rinse 
Blow  dry 

(14)  Membrane  etch 

Etchant 


Temperature 
Time 
Rinse 
Blow-of  f 


:  Buffered  SiO^  etch 

Ammonium  Fluoride  40%  solution:HF  acid,  6 
:  34  min 
:  5  min  in  DI 
:  Nitrogen 

:  40  gm  Catechol 
250  ml  Ethyldiamene 
160  ml  DI  H20 
:  70  °C 
:  12  hours 
:  10  min  in  DI  H^O 
:  Nitrogen  (VERY  gently) 


(15)  Dual-surface  X-ray  lithography 


Dehydrada  t  ion  bake 
Resist  coating 

Postbake 


:  1  hoti-,  170  °C,  air  ambient 
:  PMMA,  4%  solution  in  Chlorobenzene 
4000  rpm,  60  sec 
:  1  hour,  170  °C,  air  ambient 


Exposure 


Krasins*  la l«an»  and  Ferera 


Substrate  Bias 
Target 
DC  Mag. 

Sputtering  gas 

Sputtering  pressure 
Substrate  rotation 
Shutter  position 
Back  sputter  time 
Throttle 
Bias  Etch 

last  one  minute  of 
Film  deposition 

Substrate  Bias 
DC  Mag . 


:  100  W 
:  TiW,  No.  3 
:  2.0  KW,  571  V,  3.5  A 
Control  mode  =  Amps 
:  Argon/N^  (5%) 

flow  rate  =  40/2  seem 
:  10  mTorr 
:  4 

r  closed 
:  10  min 
:  0.755 

-sputter 

:  100  W 

:  2.0  KW*  571  V.3.5  A 


Sputtering  gas 
Sputtering  pressure 
Substrate  rotation 
Shutter  position 
Deposition  time 
Thickness  (desired) 
Thickness  (actual) 


Control  mode  =  Amps 
continued  from  previous  step 
Argon/ (5%) 

10  mTorr 
4 

open 
1  0  min 

2000  A  (unannealed) 
unknown  A  (unannealed) 
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Krasins*  Islsaa.  and  Ferera 


(20)  Evaporation  of  Chrome 
System 

Base  pressure 

Tooling 

Source 

Chrome  Vendor 
Power 
Thickness 

Thickness  (act  al) 
Rate 


CHA 

4.0  X  10  7  torr 
140.0  % 

chrome  plated  W  rod  (source  No.  3) 
R.  D.  Mathis  Company 
65  A/  10  V 
50  A 

50  A  +2.0  % 

1.5  A/sec 


(21)  Evaporation  of  Gold 
System 

Base  Pressure 

Tooling 

Source 

Gold  Vendour 
Boat  Vendor 
Power 
Thickness 

Thickness  (actual) 
Rate 

(22)  Standard  Clean 
Spin  Rinse 


Bake 


:  CHA 

:  4.0  X  10"7 
:  126.0  % 

:  Gold  chips  in  ceramic  boat  (source  no. 
:  Com  in  co 
:  Sylvania 
:  27  A/  10  V 

•  200  A 

:  200  A  +2.0  % 

:  2.5  A/ sec 


:  Acetone  1  min 
Methonol  1  min 
DI  H90  1  min 

:  170  °C,  atmosphere,  1  hour 


II-3 


Krasins*  Ivlstt*  *n4  Perers 


(24) 


Electron  beam  Lithography  of 

System  : 

Beam  Current  • 

EHT  : 

Clock  rates  ( >  1  pm)  : 


Filename 
Field  size 
Field  size 
Distortion 
Focus  sins 
Aperture 
Development  o 
Developer 

Time 

Temperatur 

Agitation 

Rinse 


(0  .3  pm)  : 
(0.4  pm)  : 

(0.5  pm)  : 

• 

• 

calibration  : 
corrections  : 

electron  beam 


Gate  Level 

Cambridge  Instruments*  EBMF6 
2  nA 
20  KEV 

350  KHz,  gross  features 

280  KHz*  4  pass  lines 

260  KHz.  "  " 

235  KHz,  "  " 

AP0GST1 
3 . 2  mm 
man ual 
off 

manual 
No.  2 
exposure 

MIBKrIPA  (Methyl  Iso-Butyl  Ketone : Iso-propyl 

alcohol)  1 :1 

1  min,  30  sec 

room  temperature 

yes 

IPA  at  RT,  30  sec 
flowing  DI  at  RT,  30  sec 
N^O  blow-off 


(25)  Pattern  the  Si02  and  polyimide 
E-beam  resist  descum 

System  •  Applied  MAtenals 


II-5 


Vs-,  >  -  - »  *  A,  v.  *  *  X  »  JV  /-  MvInIva  _%  A  VAm"  \  s  *0  v  vhut 


Krasins*  la Ivan*  an4 

Base  pres s ure 
Etch  pressure 
Electrode 
Gas 

Flow  rate 
Power 
DC  Bais 
Time 


Ferera 

:  5  X  10"5  Torr 
:  30  mTorr 
:  quartz 
:  oxygen  (02) 

:  30  seem 
:  0.25  Wcm"2 
:  -440  V 
:  15  sec 


Reactive  Ion  Etch  of 
Gas 

Etch  pressure 
Flow  rate 
Power 
DC  Bias 
Time 

Reactive  Ion  Etch  of 
Gas 

Etch  Pressure 
Flow  rate 
Power 
DC  Bias 
Time 

(26)  Gold  Electro-plating 
Electrolyte 


PECVD  Si02 

:  Freon  23  ( CHF^ ) 
:  30  mTorr 
:  30  seem 
:  0.25  Wcm"2 
:  -360  V 
:  6  min 
Polyimide 

:  oxygen  (0?) 

:  30  mTorr 
:  30  seem 
:  0.25  Won*2 
:  -440  V 
:  8  min 

of  gate  features 
:  BDT-501 


Vendor 


:  Sel  Rex  Co. 


Krasins.  Inlnan.  and  Perera 


Temperature 

Stirring 

Current 

Anode 

Vendor 

Plating  rate 

Time 

Thickness 


:  50  °C 

:  2.5  on  Cole  Parmer  hotplate  no. 4812 
:  125  jiA 
:  Platinum 
:  Sel  Rex  Co. 

:  2000  A/ min 

2 

(net  plating  area  =  1  cm  ) 

:  4  min 

:  8000  A  6% 


(27)  Tri  layer  resist  removal  (RIE) 
Pre-etch  clean 


System 

Applied  Materials 

Base  pressure 

5  X  10"6 

Gas 

oxygen  (C^) 

Etch  pressure 

30  r,iTorr 

Electrode 

quartz 

Flow  Rate 

30  seem 

Power 

0.25  Wcm”4 

Bais 

-440  V 

Time 

2  min 

PECVD  Si02  Etch 

Gas 

Freon  12  ( CHF^ ) 

Etch  pressure 

30  mTorr 

Flow  Rate 

30  seem 

:  0.25  Wcm 


Power 


Urn sins.  Inlaan.  and  Ferera 


Time 

• 

• 

10  min 

Polyimide  removal 

Gas 

oxygen 

Etch  pressure 

30  mTorr 

Flow  rate 

30  seem 

Power 

0.25  Wcm"2 

Bias 

-440  V 

Time 

10  min 

TiW  dry-etch 

Pre  etch  clean 

System 

Applied  Materials 

Base  pressure 

5  X  10"6 

Gas 

oxygen 

Etch  pressure 

30  mTorr 

Flow  rate 

30  seem 

Power 

0.25  Wcm"2 

Bais 

-370  V 

Time 

30  sec 

TiW  Reactive  Ion  Etch 

Gas 

• 

Freon  14  (CF^) 

Etch  pressure 

• 

• 

30  mTorr 

Flow  rate 

30  seem 

Power 

0.25  Wcm"2 

Bais 

• 

• 

-270  V 

Etch  rate 

• 

• 

-  110  X/min 

Time 

• 

• 

20  min 
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APPKIDIX  III 


A  Computer-Aided  Four-Port  Vector  Network 
Analyzer  for  Millimeter-Wave  Frequencies 


Hiroshi  Kondoh* 
G,  Conrad  Dalman 


Cornell  University 
School  of  Electrical  Engineering 
Phillips  Hall 
Ithaca,  NY  14853 


*  Currently  with  Hewlett-Packard  Co-,  Microwave  Technology  Division, 
Santa  Rosa,  CA  95401 


A  new  type  of  swept- frequency  computer-aided  network  analyzer  has 
been  developed  which  provides  a  cost  effective  way  of  measuring  complex 
reflection  and  transmission  coefficients  of  test  devices  at  millimeter- 
wave  frequencies.  A  four-port  structure  constitutes  a  heart  of  the  sys¬ 
tem  the  state  of  which  is  internally  switched  to  allow  six-port- like 
operation  with  fewer  impedance  calibration  standards. 

An  experimental  26.5-40  GHz  network  analyzer  has  been  successfully 
constructed.  With  frequency  tracking  error  correction  only,  the  maximum 
error  in  the  measurement  of  reflection  coefficient  was  found  to  be  10.16 
dB  in  magnitude  and  11.2  degrees  in  phase. 


Renewed  activities  in  millimeter-wave  research  has  stimulated  a 


effective  six-port  operation  is  achieved  by  an  internal  switching  of  the 
circuit  state  by  either  mechanical  or  electronic  means. 

The  operating  principles  of  the  new  analyzer  are  described  in  Sec¬ 
tion  2  which  follows.  Section  3  deals  with  the  performance  of  an  exper¬ 
imental  26.5-40  GHz  network  analyzer  and  some  discussion  of  the  accuracy 
of  the  measurements,  based  on  the  experimental  results  obtained,  is 
presented  in  Section  4. 


II.  Principle  of. 


Figure  1  shows  a  schematic  diagram  of  the  four-port  network 
analyzer  system.  Although  this  configuration  allows  for  both  reflection 
and  transmission  measurements,  due  to  formulation  similarity  the  follow¬ 
ing  discussion  will  be  centered  only  on  the  reflection  measurement  case. 

The  four  ports  of  the  system  are  defined  as  those  connected  to  the 
sweeper,  the  device  under  test  (DUT)  and  the  two  power  detectors.  Wave 
notation  in  the  figure  follows  a  six-port  convention  [2].  The  mm-wave 
signal  from  the  computer-controlled  sweeper  is  delivered  to  the  device 
under  test  (DUT)  as  b^-  This  signal  is  monitored  through  the  coupler  cl 
and  provides  the  reference  signal,  •  A  part  of  wave  a^.  reflected 
from  the  DUT,  is  coupled  through  c2  to  become  test  signal  Vfc.  The  two 
signals,  and  are  combined  in  a  magic  tee  and  their  resultants,  b^ 
and  b^,  are  detected  by  the  two  power  detectors  shown  connected  to  the 
colinear  arms  of  the  magic  tee.  As  for  the  6-port  case,  a  set  of  four 
power  measurements  is  required  to  determine  the  complex  reflection  coef¬ 
ficient  of  the  DUT.  Two  independent  sets  of  power  readings  are  obtained 
by  internally  switching  the  reference  channel  phast  from  0  to  90  degrees 
through  the  use  of  a  phase  shifter  inserted  in  the  reference  channel. 
This  scheme  achieves  six-port-line  operation  with  only  two  power  detec¬ 
tors*  rather  than  the  four  needed  in  the  six-port  system,  thereby  lower¬ 
ing  the  cost  of  system.  The  electronic  PIN  phase  shifter  shown  in  the 
figure  can  be  replaced  by  a  simple  mechanically  movable  short  if  real¬ 
time  operation  is  not  essential. 

The  principle  of  operation  of  the  4-port  network  analyzer  is 
described  as  follows:  assuming  first  the  ideal  case  in  which  all  of  mm- 


wave  components  are  perfect*  the  p  wer  readings  on  detectors  1  and  2  are 
as  with  the  phase  shifter  in  its  OFF  state  (no  phase  shift  added). 


pl  =  lb3|2  ~  1  +  IP2!  +  2lPlcose 


P2  =  ^4^ 2  ~  *  +  11^1  "  2iricose 


(1) 


With  the  phase  shifter  in  its  ON  state  (90°  phase  shift  added) 

P'j  =  lb  »3 | 2  ~  1  +  ir2 I  +  2  IT I  sine 


(2) 


p'2  =  lb'4r  ~  1  +  ir2|  -  2 1 P | s in6 

where  P  is  the  reflection  coefficient  of  the  DUT  and  P  =  |p|e^6  =  a2/b2. 

Equations  (1)  and  (2)  uniquely  determines  both  IPI  and  8,  as  discussed 
by  Somlo  [8]. 

When  the  system  is  not  ideal,  the  power  readings  on  the  detectors 
should  be  expressed  in  the  following  general  form,  which  resembles  the 


[2] 

its 

OFF 

state 

lt3 

i2  = 

|A|2 |b2 |2 

IP-d3 

|b4' 

i2  = 

1 B  I  2  |  b  2  I  2 

IP-q4 

its 

ON  state 

(3) 


=  lb»3  |  2  =  |C  |  2  | b  ’ 2  |  2  IP-q  »3  |  2  (4) 

P'2  =  lb4|2  =  | D | 2 | b * 2 | 2  I p- q ' ^ | 2 

where  A*  B,  C,  and  D  and  qfs  are  system  parameters. 

q^'s  (i=l,..„,4)  equal  to  -1,  +1,  -j*  +j  respective  in  the  ideal  case. 
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Once  the  system  parameters  have  been  obtained  by  the  system  calibration, 
the  unknown  reflection  coefficient,  P,  of  a  DUT  is  determined  from  these 
equations  as  an  intersecting  point  of  four  circles  in  a  P  plaiie. 

It  should  be  noticed  here  that,  for  a  given  P,  Eqs.  (3)  and  (4)  are 
two  independent  sets  of  equations,  representing  two  independent  system 
states,  each  of  which  contains  seven  real  numbers  as  system  parameters. 
Thus  the  system  calibration  for  the  four-port  analyzer  requires  3  1/2 
impedance  standards  as  a  minimum.  This  compares  favorably  with  the  3 
1/2  required  in  a  conventional  six-port  scheme.  This  reduction  in 
required  number  of  standards  makes  the  calibration  steps  simpler  and 
potentially  increases  its  accuracy.  Here  the  significance  of  a  half  of 
a  calibration  standard  is  that  either  the  magnitude  or  phase  of  the 
standard  must  be  known.  For  a  full  calibration  standard,  both  phase  and 


magnitude  must  be  known. 


III.  Experimental  2£..5~4£L  GHz  Network  Analyzer 


To  establish  the  feasibility  of  the  proposed  four-port  vector  net¬ 
work  analyzer,  an  experimental  unit  was  constructed  for  operation  over  a 
frequency  range  26.5-40  GHz.  Figure  2  shows  the  system  configuration 
for  reflection  coefficient  measurements. 

The  experimental  system  makes  use  of  a  mechanically  movable 
waveguide  short  as  a  phase  shifter  in  the  reference  channel.  In  the 
measurement  of  a  DUT ,  one  frequency  sweep  is  made  at  a  zero  degree  set¬ 
ting  and  another  at  a  90°  setting.  The  frequency  of  the  sweeper  is  con¬ 
trolled  through  its  external  FM  terminal  with  an  analog  dc  voltage  pro¬ 
vided  by  a  PDP  11/40  computer.  The  electrical  lengths  of  the  reference 
and  the  test  charnels  were  equalized  to  minimize  measurement  errors  due 
to  frequency  instability  of  the  sweeper.  Directional  couplers  with  more 
than  35  dB  directivity  were  used  in  the  system.  The  DC  voltage  signals 
from  the  two  power  detectors  are  fed  into  the  computer  to  perform  the 
data  processing.  The  results  of  measurement  are  displayed,  either  on  a 
CRT  or  on  an  X~Y  recorder.  Printer  outputs  are  also  available. 

The  computer  software  developed  for  the  present  network  analyzer 
system  can  be  used  for  both  reflection  and  transmission  measurements  and 
on  a  system  operating  at  any  frequency  band  of  operation.  The  software 
consists  of  three  major  parts.  The  first  part  relates  to  the  sweeper 
setting.  The  sweep  frequency  range  is  specified  and  then  divided  into 
101  equally  separated  points.  The  subsequent  system  calibration  and  DUT 
measurements  are  performed  at  each  of  these  frequency  points.  A  system 
calibration  then  follows  the  sweeper  setting.  Since  the  principal 
objective  of  the  experiment  was  to  investigate  the  feasibility  of  the 
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proposed  analyzer,  a  simplified  calibration  procedure  was  developed  for 
the  present  system.  Basically  only  frequency  tracking  error  was  taken 
into  account  in  the  calibration.  This  made  the  operation  of  the  network 
analyzer  more  physically  tr*  :eable.  The  more  detailed  calibration  pro¬ 
cedure  can  be  found  elsewhere  [9].  The  4-port  simplified  system  cali' 
bration  requires  eight  frequency  sweeps  and  takes  about  15  minutes 
because  of  the  slow  response  of  the  thermistors  used  as  power  detectors. 
The  last  part  of  the  software  is  for  the  measurement  routine  in  which 
the  characterization  of  unknown  DUT’s  and  the  displays  of  the  results 
take  place.  The  current  software  occupies  35  kBytes  in  memory  and 
therefore  can  be  accommodated  easily  in  most  personal  computers. 

Figure  3a  shows  an  example  of  measurements  in  which  the  reflection 
coefficient  of  a  waveguide  short  circuit  was  measured  over  a  frequency 
range  of  29  to  39  GHz.  Neither  phase  locking  nor  power  leveling  of  a 
sweeper  has  been  attempted.  The  curves  in  the  figure  indicate  both  the 
raw  data  of  measurement  and  smoothed  data.  The  data,  including  its  fine 
structure,  was  quite  repeatable  from  measurement  to  measurement.  The 
maximum  deviation  from  the  expected  value  of  -1  was  ±0.5  dB  in  magnitude 
and  ±4.0  degrees  in  phase  over  the  entire  frequency  range.  The  smooth¬ 
ing  of  the  data  was  performed  by  taking  a  weighted  average  of  data 
around  a  frequency  of  interest.  In  the  present  system  this  smoothing 
was  found  to  be  an  effective  wav  of  reducing  errors  caused  by  the  finite 
directivity  of  directional  couplers,  as  will  be  discussed  later.  For  the 
smoothed  data  the  maximum  deviation  from  a  value  of  -1  was  ±0.16  dB  in 
magnitude  and  ±1.2  degrees  in  phase.  Figure  3b  shows  the  measured  short 
data  exhibited  on  a  Smith  Chart  display,  the  unsmoothed  data  being  shown 


on  the  left  of  the  figure  and  the  smoothed  data  on  the  right. 

Figure  4  shows  the  measured  reflection  coefficient  of  a  commercial 
3  dB  attenuator  terminated  on  one  end  by  a  short  circuit.  Also  shown  in 
Figure  4a,  for  comparison,  are  the  measured  points  obtained  using  slot¬ 
ted  line  'Techniques.  The  difference  between  the  two  sets  of  data  is 
±1.1  dB  maximum  over  a  29  to  39  GHz  frequency  range.  Figure  4b  is  an 
unsmoothed  Smith  Chart  display.  Figure  5  shows  measurements  obtained  on 
a  commercial  matched  termination.  For  comparison,  results  obtained 
using  slotted  line  techniques  are  also  plotted  in  the  figure.  As  can  be 
se^n  from  the  figure,  good  agreement  between  the  two  methods  of  measure¬ 
ments  was  found. 

An  error  estimation  was  performed  for  the  present  system  [9].  Fig¬ 
ure  6  compares  the  experimentally  measured  error  with  the  theoretical 
Prediction  of  worst-case  error  for  reflecticn  coefficient  measurements. 
It  should  be  noted  that  in  the  present  system  two  separate  mathematical 
algorithms  were  complemer^rily  employed  for  solving  Equations  3  and  4 
in  order  to  span  a  wide  range  of  reflection  coefficient  values  with 
minimum  measurement  errors.  It  was  found  that  the  accuracy  of  the 
present  network  analyzer  system  is  limited  mostly  by  the  finite  direc¬ 
tivity  of  the  directional  couplers  when  measuring  small  reflection  coef¬ 
ficients  and  by  calibration  error  when  measuring  large  values  of  reflec¬ 
tion  coefficients. 

We  believe  that  the  effectiveness  of  data  smoothing,  clearly  seen 
in  the  figures,  is  because  the  relative  phases  of  undesirable  error  sig¬ 
nals,  with  respect  to  the  reference  signal  change  rapidly  with  frequencv 
and  therefore  can  be  cancelled  readily  out  by  the  smoothing  technique. 


The  undesirable  error  signals  are  mainly  due  to  the  finite  directivity 
of  the  couplers  and  their  rapid  phase  change  results  from  a  large 
difference  between  their  path  lengths  and  that  of  the  reference  signal. 

The  practical  usefulness  of  the  four-port  network  analyzer  is 
demonstrated  in  the  example  shown  in  Fig.  7.  The  measured  properties  of 
an  iris-coupled  waveguide  cavity  are  shown  near  its  resonance  at  34.99 
GHz.  Fig.  7a  is  a  phase  and  magnitude  plot  of  the  reflection  coeffi¬ 
cient  and  Fig.  7b  shows  its  plot  on  a  Smith  chart. 


IV.  Summary  and  Conclusion 


A  computer-aided  four-port  vector  network  analyzer  has  been 
developed  which  provides  a  cost  effective  way  of  measuring  complex 
reflection  and  transmission  coefficients  of  test  devices  at  millimeter- 
wave  frequencies  on  a  swept  frequency  basis.  The  internal  switching  of 
the  four-port  circuit  state  by  means  of  a  90°  phase  shifter  yields  an 
effective  six-port  operation.  We  believe  that  the  four-port  configura¬ 
tion  requires  a  smaller  number  of  millimeter-wave  components  than  the 
six-port  counterparts,  leading  to  lower  hardware  cost.  More  importantly 
the  four-port  scheme  requires  only  3  1/2  impedance  standards  for  the 
system  calibration,  compared  to  5  1/2  in  a  six-port  scheme. 

An  experimental  computer-aided  four-port  vector  network  analyzer 
was  constructed  for  26.5-40  GHz  operation.  The  computer  linkage  to  the 
system  enabled  fast  data  processing  with  enhancement  of  accuracy.  The 
software  developed  for  the  analyzer  requires  only  a  35  kByte  memory  and 
is  readily  accommodated  in  most  personal  computers.  By  using  a  simpli¬ 
fied  system  calibration  procedure  which  takes  into  account  only  the  fre¬ 
quency  tracking  error,  an  accuracy  of  10.5  dB  in  magnitude  and  14.0 
degrees  in  phase  was  demonstrated  in  a  test  of  the  reflection  coeffi¬ 
cient  of  a  waveguide  short.  A  smoothing  technique  employed  improved  the 
accuracy  to  10.16  dB  and  11.2  degrees. 

The  finite  directivity  of  directional  couplers  predominantly  limits 
the  accuracy  of  the  present  system.  The  use  of  a  complete  calibration 
scheme  could  definitely  enhance  the  accuracy  of  the  system.  The  meas¬ 
urement  speed  of  the  present  vector  network  analyzer  system  is  limited 
by  a  mechanical  phase  shifter  and  slow  response  of  thermistors  used  as 
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power  detectors. 


To  reduce  the  calibration  and  measurement  time,  studies  are  under 
way  on  the  use  of  Schottky  barrier  diodes  as  power  detectors  in  place  of 
thermistors.  Also,  a  75-110  GHz  version  of  the  four-port  analyzer  is 
being  assembled  and  the  development  of  a  PIN  phase  shifter  is  planned  to 
achieve  quasi-real-time  display  of  measured  results. 
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Figure  6 

Figure  7 


Schematic  diagram  of  a  new  computer-aided  four-port  vector 
network  analyzer  for  millimeter-wave  frequencies.  The 
microwave  switch  is  shown  positioned  for  reflection  coeffi¬ 
cient  measurement. 

Experimental  setup  of  a  26.5-40  GHz  four -port  vector  network 
analyzer  for  reflection  coefficient  measurements. 

Reflection  coefficient  measurement  on  a  waveguide  short  over 
a  frequency  range  of  29-39  GHz.  (a)  Magnitude  and  phase  as 
a  function  of  frequency.  (b)  Smith  chart  displays  of  the 
waveguide  short. 

Reflection  coefficient  measurements  of  a  commercial  3  dB 
attenuator  terminated  on  one  end  with  a  short  circuit.  (a) 
Magnitude  of  the  reflection  coefficient  vs.  frequencv.  The 
plus  marks  indicate  measured  points  obtained  using  slotted 
line  technique.  (b)  A  Smith  chart  display  in  a  frequency 
range  of  29-39  GHz  (un smoothed) . 

An  experimental  result  of  a  reflection  coefficient  measure¬ 
ment  obtained  from  a  commercial  matched  termination. 

Comparison  of  experimental  measurement  errors  with  theoreti¬ 
cal  error  estimates*  in  magnitude*  for  a  reflection  coeffi¬ 
cient  measurement.  The  solid  curves  show  pessimistic  esti¬ 
mation  of  worst-case  errors.  The  other  two  curves 
correspond  to  the  optimistic  estimation. 

a)  Measured  magnitude  and  phase  vs.  frequency  of  an  experi¬ 
mental  iris-coupled  short-circuited  waveguide.  (b)  Smith 
chart  display  of  the  impedance  characteristic  of  the  experi¬ 
mental  cavity  near  resonance. 
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